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ABSTRACT PAGE
The development of boron filled polymer fibers for neutron shielding fabric production was 
carried out. Boron-10 enriched boron carbide was compounded with both polyethylene and 
polypropylene successfully with adequate dispersion and adhesion of the boron carbide filler 
particles verified by SEM and optical microscopy. Characterization of the shear and 
extensional viscosities was performed using a capillary rheometer in order to aid in the 
determination of processing parameters for the filled polymer samples. The filled 
polypropylene samples were successfully extruded and drawn into fibers. Fibers composed of 
20% by weight boron carbide with the antioxidant BHT were woven into a fabric for neutron 
attenuation testing. Tensile data shows that the use of BHT in the processing of polypropylene 
fibers decreases the degradation and subsequently increases the tensile strength. The 
presence of boron carbide in the polymer slightly decreases both the tensile strength and 
modulus while increasing the elongation. Fiber exposure to atomic oxygen revealed little 
protective effect of the boron carbide filler, likely due to the large surface area of the fibers. The 
effect of neutron exposure to the tensile properties of the filled fibers was examined, revealing 
a small but significant decrease in tensile strength, tenacity, and modulus, despite a short 
exposure (19.5 hours). Enriched boron carbide at 20% wt. in 0.8 mm (two layers) of fabric 
decreases the fluence of neutrons by 44%;a single layer (0.4 mm) of fabric decreases the 
fluence by 29%. The neutron shielding ability of a filled fiber woven into a fabric has been 
verified. A high shielding efficacy can be achieved in thin materials with the use of isotopically 
enriched elements.
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CHAPTER 1.
INTRODUCTION
Radiation protection for both materials and living tissues is an important factor to 
facilitate research in hostile environments such as that o f  outer space, in nuclear reactors, 
and high energy, physics research sites. Additionally, transportation in high altitude 
aircraft and in outer space requires protection from the radiation environment. Radiation 
shielding materials are necessary to permit extended space travel and habitation. The 
inquisitiveness o f  humankind drives us to try to understand the world in which we live. In 
attempting to answer the profound questions, we have about our universe we rely on 
current technology to allow for human exploration and scientific discovery. To probe the 
universe requires departing from a protected habitat and venturing into the hazardous 
unknown o f space. To do so requires a number o f problems to be overcome, among these, 
the mitigation o f radiation. The development o f neutron shielding materials is an 
important component in the mitigation o f numerous dangerous radiation types. If 
shielding materials could be made in a flexible and durable form then the utility o f the 
material would be m uch greater.
2
1.1 The Space Environment
Human exploration and development o f space travel is dependent on the production 
o f suitable radiation protection for astronauts and equipment. This is a high priority for 
N A SA . 1 This is because the environment outside the earth’s protective atmosphere and 
magnetic field is unforgiving. The vacuum o f space along with a varying thermal 
environment, micrometeoroids and ionizing radiation from both solar energetic particles 
(SEP) and galactic cosmic rays (GCR) present many challenges in space travel and 
habitation. Both the type and energy o f radiation have varying effects on spacecrafts and 
the individual’s w ithin . 2  These environmental variables contribute to the lifetime o f space 
structures and the success or failure o f m issions . 3
Ionizing radiation from cosmic rays consists primarily o f  positively charged particles 
and appears to come from all directions in outer space. The origin o f this radiation is not 
known; theories o f its creation include the annihilation o f matter, star activity in deep 
space, remnant radiation from the Big Bang 109 years ago, or the acceleration o f atoms 
through electric or magnetic fields stripping the electrons . 4  These ionized nuclei in G CR’s 
are present in the same proportion as elements in the universe.
W ith the earth’s magnetic field those on earth are protected from a majority o f 
these energetic ions. Earth’s magnetic fields deflect and even trap this radiation in the 
magnetosphere . 3
The energy o f cosmic rays that reach the upper atmosphere ranges from 109 to
1 710 eV, with the least energy being at the magnetic equator due to the magnetic fields 
near the earth . 4  The intensity and energy spectrum o f cosmic radiation varies with 
altitude, latitude, and solar cycle. The Atmospheric Ionizing Radiation Project in 2003
3
found that the shape o f the cosmic-ray neutron spectrum is almost constant from altitudes 
o f  21 km to 12 km, where most commercial aircraft fly. They also found the latitude to 
significantly change the neutron fluence rate, as predicted . 5 These prim ary cosmic rays 
interact with and ionize particles in the atmosphere and generate secondary cosmic rays. 
These secondary cosmic rays consist o f protons, electrons, neutrons and m esons . 4  This 
secondary radiation is o f concern for frequent upper altitude airline travel.
Outside o f the earth’s atmosphere regions o f very energetic charged particles in 
van Allen radiation belts, solar flares and G CR’s can be dangerous to encounter. 
Shielding in spacecrafts is being developed for these primary ionizing radiation sources . 6 
However, the interactions o f these energetic particles with the shielding material create a 
secondary radiation consisting o f  neutrons and charged particles within the shielded 
structure, illustrated in Figures 1 and 2 . 7 Ionizing radiation strips the electrons from an 
absorbing atom and yields an ion pair, which can induce secondary ionization in a 
m aterial . 6
Figure 1 Space radiation shielding problem .8
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Figure 2 Radiation initiated cascade in matter.8
The radiation field inside o f the United States Space Shuttle is comprised o f 
between 1 0 % and 60% secondary radiation arising from incident primary cosmic 
radiation interactions with the shielding/structure itself. The neutron contribution o f this 
radiation was found to be 130-170 pSv/day on six separate STS shuttle missions with 
passive neutron dosimeters (PADC) within the shielded shuttle structure. 9
The SI unit for radiation absorbed dose is the Gray (Gy) which is the absorption 
o f one Joule o f radiation energy in one kilogram o f material. This is equivalent to 100 rad 
(radiation absorbed dose) commonly used in the U.S. The Sievert (Sv) is the radiation 
unit for dose equivalent which accounts for the varying biological effects o f different
5
types and energies o f  radiation. The Sievert is equal to 100 Rem (Roentgen equivalent 
man) which is an old unit o f dose equivalent.
W ilson et al. cite the figure o f absorbed GCR dose over a year being 190 mGy in 
free space and a value o f 210 mGy behind 3-4 g cm ' 2 o f aluminum shielding. The 
absorbed radiation dose decreases to that o f free space only after 30 g cm ' 2 o f aluminum 
shielding, seen in Figure 3. 10
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Figure 3 Absorbed GCR radiation in a year behind Al shielding material. 10
This modeled calculation shows that the radiation dose inside o f a shielded 
structure can be greater than the dose outside o f the structure. Using a straight ahead 
approximation and the Boltzmann transport equation, com puter models have started to 
approximate the time dependent radiation field through structures. The heavy ion 
transport code HZETRN developed at NASA Langley describes the energy distribution 
o f secondary protons and neutrons arising from GCR interactions with shielding
6
materials. From these calculations it has been determined that neutrons o f all energies are 
present within the shielded International Space Station. 11
This secondary radiation has a Linear Energy Transfer (LET) that is greater than 
that o f  the primary particle and thus has a higher relative biological effectiveness (RBE), 
or has a larger potential to cause biological dam age . 7 Linear Energy Transfer is a measure 
o f the energy that is transferred to a material as an ionizing particle travels through it. The 
term relative biological effectiveness is used commonly to quantify the effect o f ionizing 
radiation on biological samples.
Developing an accurate model for ionizing radiation effects on living cellular 
structures is com plicated by repair mechanism within the cells and lack o f information on
o
prolonged low-level exposures. Cellular effects due to single or multiple exposures to
neutron radiation may not be observable immediately and may accumulate over time.
12Particular concerns o f neutron exposure are skin cancer and leukemia. The effect o f 
ionizing radiation on tissue or a material depends on the am ount o f energy, mechanism o f
o
energy transfer and the temporal distribution o f the particles.
Monte Carlo N-Particle (M CNP) simulations o f neutron interactions based on the 
Boltzmann transport equation found that borated polyethylene was the best fast neutron 
shielding material. Additionally, hydrogen rich materials transm it significantly fewer 
high energy neutrons compared to traditional aluminum or titanium  shielding materials. 
This is because the mass o f hydrogen is closest to that o f a neutron, and thus is the best 
elastic scattering material for neutron radiation. The addition o f a neutron absorber such 
as 10B or 6Li to a hydrogen rich material further attenuates the num ber o f neutrons that
1 T
pass through the material.
7
High atomic number shielding materials attenuate high LET radiation however; it 
produces a broad range o f  lower LET secondary particles. Low atomic number shielding 
materials attenuate a broad range o f LET particles generating fewer lower LET 
components than higher atomic number materials. Through computer simulations and 
calculations, W ilson et al. show that liquid hydrogen is the best neutron attenuating 
material shown in Figure 4. However, liquid hydrogen is impractical to use in actual 
structures, due to its low temperature and flammability. 10
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Figure 4 Dose equivalent attenuation behind different shielding materials. 10
Polymeric materials made from carbon, hydrogen, oxygen and nitrogen provide a 
reasonable and effective alternative. Many polymers contain a large amount o f  hydrogen, 
so as a functional substrate it is an ideal material to hold a neutron-capturing compound 
while simultaneously acting as the moderator.
Radiation protection is o f greater concern for future space missions due to 
increased volume o f space travelers for increasing durations and into unfamiliar 
environments where the biological effect o f prolonged and heavy ion radiation is not 
fully understood. Computational models o f the space radiation environment, transport 
codes through materials and tissue deposition model calculations o f expected radiation 
risks, have limitations that are consequences o f assumptions in the model and must be 
correlated to dosim eter data . 14 The current understanding o f  the radiation environment 
and risks associated with exposure is limited and thus robust radiation shielding is 
necessary to m inim ize potential deleterious consequences.
1.2 Neutron Capture
The prediction o f how neutrons will interact in a material is more difficult than 
that o f charged particles. Uncharged neutrons do not frequently interact with electrons 
while traversing a material. Neutrons are not subject to Columbic interactions and thus 
the major energy loss they experience is due to discrete interactions with nuclei rather 
than a continuous energy loss as occurs in charged particles. For this reason, neutrons are 
more penetrating than ions o f equivalent or even greater energies . 6
9
A neutron interacts with matter in one o f three ways; elastic scattering, inelastic 
scattering and direct nuclei interactions, illustrated in Figure 5. The prevalence o f each 
interaction depends on the energy o f the incident neutron . 6
Inelastic Scattering
Target
Nucleus
Cross-'sectional 
Area = tr R2leus Formation
Elastic Scattering
Figure 5 Neutron interactions with matter. 6
Neutrons with energies greater than 1 eV are considered fast neutrons; energies
below 1 eV are slow neutrons. Thermal neutrons are o f energy less than 0.5 eV and are in
thermal equilibrium with matter at room temperature. Thermal neutrons have a
M axwellian distribution o f velocities with the most probable being 2200 m/s
corresponding to an energy o f 0.025 eV. Neutron capture is the m ost important
12interaction o f  therm al neutrons. Thermal neutrons undergo radiative capture, where a 
neutron is captured by a nucleus, the probability o f which is called the thermal cross 
section . 6 The capture o f  a neutron forms a compound nucleus in an excited state. This 
excited state arises from the increase in kinetic energy and the binding energy o f an 
additional particle. The compound nucleus then either releases the extra energy as 
photons in a transition to the ground state, emits the incident neutron returning to the
10
ground state (elastic scattering) or excited state o f nucleus (inelastic scattering), or it can 
emit a particle, commonly an alpha or emit gamma radiation . 4
Neutrons with lower velocities and consequently lower energies have a greater 
chance o f undergoing radiative capture; quantium-mechanics and the one-over-v law 
reveal this. At low energies (< 1 keV) the cross section (a) varies as the reciprocal o f the 
neutron speed, v. The de Broglie wave nature o f a particle: X = h/mv, explains this 
phenomenon. The small mass o f the neutron combined with a low velocity yields a larger 
wavelength, which increases the likelihood o f an interaction (cross section, o) between 
the neutron and a nucleus . 6 As the velocity o f a neutron increases, the wavelength 
decreases and consequently the cross section (o) decreases. The nuclear cross section (a) 
is the probability a given nuclear reaction will occur, expressed in units o f  area (cm ), or 
more commonly the barn (b) which is 1 x 10' 2 4  cm2. The cross section is not always based 
on the geometric area o f the target nucleus, since certain nuclides have characteristics and 
stabilities that greatly increase the interaction cross section . 6 B oron-10 has a large 
neutron capture cross section o f  3840 barn, which is 106 times greater than most other 
elements. It exhibits the 1/v character from the thermal into the resonance energy range, 
seen in Figure 6 . 15
11
Figure 6 Neutron cross sections for Boron as a function of energy. 15
As the energy o f  a neutron increases, the cross section for capture decreases and 
elastic and inelastic scattering predominate. Scattering reduces the energy o f the neutron 
eventually to that o f therm al energies (energy o f gas molecules at STP). This process o f 
neutron therm alization has an inverse dependence on the mass number o f the absorber 
(A). Hydrogen having a mass number o f one is the most effective element for scattering 
and therm alizing a neutron. Moderators are materials consisting o f low mass nuclei for 
the purpose o f decreasing the energy o f neutrons to the thermal level. Common 
moderators are water, D 2 O, paraffin and polyethylene, as they all have large proportions 
o f hydrogen . 6
Fast neutrons are not well absorbed in materials w ith a large proportion o f 1/v 
shielding components, due to the low cross sections at these high energies and the 
decreased proportion o f moderating hydrogen in the m aterial . 16 Thus, the shielding
12
efficacy o f a particular formulation depends on the energy o f the neutrons. One can 
develop a continuum o f  optimized formulas based on the continuum o f energy. For a 
particular mission the predicted radiation environment will determine the ideal proportion 
o f moderator and neutron absorbing material for shielding.
The neutron absorption reaction o f 10B with a cross section o f  3840 barn at 0.025 
eV is depicted below in Figure 7. The capture o f a thermal neutron by l0B generates high
i n
LET particles which only travel about 10-15 microns and are not radioactive.
‘n + 10B -> 7Li* + 4He -> 7Li + 4He + 0.48 M eV y-ray (93%) 
__________________________________ -> 7Li + 4He (7%)_______________________________
Figure 7 Neutron absorption reaction of 10B. 18
The energy o f the absorption reaction o f 10B is 2.79 M eV . 4 The resultant 7Li
particle has energy o f  1.47 M eV and travels a distance o f 0.93 mg/cm . The alpha particle
2 18has an energy o f 0.83 MeV and travels less than 0.1 mg/cm .
In B4 C filled material it has been found that thermal neutron attenuation increases 
with both sample thickness and with increasing B4 C concentration up to 20 parts per 
hundred o f  natural rubber beyond which there is no significant increase in attenuation, as 
seen in Figure 8 . 19
13
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Figure 8 Normalized thermal neutron attenuation with sample thickness and boron carbide 
concentration. 19
A different neutron transm ission experiment with a 0.5 mm borated-polymer
composite o f  2% gave good thermal neutron dose reduction. Additional experiments with
20varying thicknesses o f 10 -  40 mm showed similar shielding efficacy.
1.3 Radiation on materials
The effect o f  ionizing radiation on organic materials and particularly polymers 
can be significant due to structural changes that can occur, deteriorating the useful 
properties o f the polym er . 21 High-energy radiation is ionizing and thus, when it interacts 
with a polym er like polypropylene it ionizes the polymer forming radical and ion species, 
shown in Figure 9.
14
PP -(radiation)-> PP*+ + e' -> PP,+ + PP”*
Figure 9 Equation of the effect of ionizing radiation on P P .22
This ionization and bond breakage is a result o f the deposition o f the radiation
energy in the polym er molecule and is independent o f the presence o f stabilizers or 
• 2 2antioxidants. Polymers exposed to ionizing radiation form alkyl and allyl radicals. In
the presence o f  oxygen, alkyl radicals rapidly convert to peroxy radicals. Peroxy radicals
react in similar mechanisms as when generated from a thermal environment; however the
rates o f these reactions may be different. The term ination rate o f peroxy radicals is
greater when generated by a radiation source than a thermal source, explained by the cage
theory. As irradiation predominantly occurs in the solid state, the cage theory predicts a
rapid recom bination o f  radicals whereas thermal degradation occurs mainly when the
polymer is in a molten/fluid state.
There are two structural degradation results, cross linking and chain scission.
Cross-linking is the process where adjacent polymer chains are combined into a three
dimensional structure increasing the rigidity and molecular weight o f the polymer.
Permanent breaks in a polym er chain by a chain scission mechanism induced by ionizing
radiation can greatly decrease the polymers tensile strength, hardness and Mw; while
increasing the elongation o f the polymer. One way to stabilize polymers is to incorporate
aromatic groups into the polym er chain as they are less susceptible to chain scission than
21aliphatic polym ers due to resonance stabilization in the ring structure.
The type o f radiation is an important factor in the degree o f  cross linking and 
chain scission in a polymer. For example, neutron radiation has a high linear energy 
transfer (LET) similar to that o f high-energy protons when compared to y-rays; the
15
energy deposition and the spatial distribution should not be the same. One study found 
chain scission and cross-linking by neutrons to be different when compared to gamma
23
rays. A more recent study however found that neutron radiation o f  1 MeV in LDPE 
demonstrated no difference in the density and distribution o f  crosslinking compared to 
gamma rays . 2 4  Nonetheless, the effect o f radiation environm ent on the final product is an 
important consideration.
1.4 Polymer Degradation and Additives
During the processing o f polymers and in their end use, they are subjected to 
conditions such as heating or radiation, which degrade and deteriorate the useful 
properties o f the polym er, through chain scission and cross linking. The mechanism o f 
degradation o f polym ers results from the thermal, mechanical or radiation deposition o f 
energy, generating free radicals (R»). In the presence o f atmospheric oxygen, peroxy 
radicals (R O O ) are formed through an autooxidation or autocatalysis mechanism. The 
peroxy radical can abstract hydrogen from the polymer forming a hydroperoxide, which 
is unstable. Homolysis o f  the unstable hydroperoxide at the 0 - 0  bond yields a hydroxyl 
radical and an alkoxy radical, which is very reactive. This autooxidation will propagate 
until term ination o f the radical occurs, usually by chain scission or cross-linking o f the 
polymer chain. Radical reactions are illustrated below in Figure 10.
16
RH -(energy)-> R* + H Initiation
R* + 0 2 -> ROO*
ROO* + RH -> ROOH + R<
Propagation
ROOH -» RO* + -OH Branching
RO* + RH -> ROH + R .
HO* + RH -> HOH + R*
RO* + *H -> ROH Termination
ROO* + *H -» ROOH 
R* + R ’* -> R -R ’
RO* + R* ROR 
2ROO* ROOR + 0 2 
2RO* -> ROOR  -----------------------------------------------
Figure 10 Radical reaction with a generic polymer, R.
Polyolefin susceptibility to oxidative degradation is dependent on the degree of
chain branching in the polym er chain. The secondary carbon in high-density polyethylene
(HDPE) is liable to hydrogen abstraction but less so than the tertiary carbon in
9 Spolypropylene. The oxidative degradation o f PP is dependent on oxygen availability, 
impurities, crystallinity, radiation exposure, physical form and presence o f other 
additives. Intram olecular hydrogen abstraction is three times more probable than 
intermolecular abstraction. Thermodynamically, a tertiary hindered carbon radical is 
favored over a secondary carbon. There is a decreased probability o f forming a cross-link 
between polym er molecules due to the sterically hindered nature o f the 
therm odynamically favored polypropylene radical. Thus, the prim ary route o f 
degradation is through chain scission, the most common o f which is the unimolecular 13-
scission o f carbon or oxygen centered radicals. The reaction rates o f  these degradation
22processes are very rapid at elevated temperatures.
17
Two ways to reduce oxidative degradation o f polymers are either preventing the 
initiation o f the radical process or increasing the rate o f termination. Prevention o f radical 
initiation is difficult in the processing o f polymers so the rate o f term ination is frequently 
enhanced using antioxidant molecules. Antioxidants such as hindered phenols, thiols or 
hindered amines are commonly used to reduce radical propagation. Hindered phenols 
have bulky electron donating groups around a benzene ring with a hydroxyl group 
attached. The bulky alkyl groups attached to the phenol stabilize the partial positive 
charge on the oxygen and force it to rotate out o f the plane o f the ring, weakening the O- 
H bond. This allows the hydrogen to be readily abstracted by a free radical, thus 
terminating the radical molecule, seen in the chemical equation in Figure 11. The radical 
is resonance stabilized and delocalized on the benzylic radical allowing for the capture of 
two alkoxy radicals per hindered phenol. Chain transfer o f  the antioxidant radical (A«) to 
polymer does not occur due to the steric hindrance o f the radical by the bulky alkyl 
groups ortho to the radical.
RHOH ♦
Figure 11 Mechanism of the radical scavenging of the hindered phenol BHT.22
The m ost common hindered phenol is butylated hydroxy toluene (BHT) or 2,6,-
25di-t-butyl-4-methylphenol. BHT can form a quinine methide structure if  processed in 
polymer above 100°C, this can then dimerize to form a colored stilbene quinone. This 
stilbene quinone can contribute to the discoloration o f processed polymers, often having a
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yellow color at low concentrations and moving to a dark red with increasing 
concentrations.25
HDPE is generally very linear and thus rather stable to oxidative degradation, 
however phenolic molecules from 0.1 to 0.3% are used as stabilizers.25 The degradation 
o f polypropylene results in a loss o f tensile strength, toughness, embrittlement and 
discoloration. Stabilization o f  PP is usually accomplished by the use o f a phenolic and/or 
a thioester in weights o f 0.2 to 1%. 25
1.5 Fillers in Polymers
Fillers in polym ers are used to adjust the useful properties o f a material. By 
adding boron as a filler, one can combine the desired properties o f a polymer, high 
stability and high hydrogen composition, with that o f a filler, neutron capture, creating a 
product superior for this application than either component alone. Fillers can be in the 
form o f fibers, powders or flakes. The aspect ratio o f the filler influences the physical 
properties o f the final product, like the tensile strength. Generally, stiffness and hardness
25are increased w ith the addition o f filler while tensile strength is decreased.
The first use o f fillers in polymers was aimed not at increasing their performance 
but rather to decrease the cost. Today however cost reduction is not a major reason for 
filler use, as often mechanical properties o f  the polym er are decreased. Fillers can be used 
to increase or decrease a m aterial’s density, alter the optical properties or color, change 
the thermal or electrical properties, change the mechanical properties, morphology and 
even alter the durability o f the final product. The addition o f fillers to a polymer usually 
increases the viscosity and plays a role in the non-Newtonian flow o f molten polymers.
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Fillers can change the morphology o f a polymer as the filler can act as sites for nucleation 
thus altering the degree o f  crystallinity in the polymer. Polymer structure in the bulk is 
not the same as that at the interface o f a filler molecule.26
Typically, fillers cause a decrease in the stability and in physical properties o f the 
polymer. Fillers can physically displace polymer and adsorb antioxidants, thereby 
immobilizing them  from functioning in the polymer. However, multifunctional materials 
can be produced. M ineral filled polypropylene is used for a variety o f applications. With 
a proper design, selection o f filler, polypropylene type and mixing method it is possible 
to generate filled polym ers that exhibit properties close to engineered polymers.22
The bonding o f fillers to polymer occurs predominantly through van der Waals
77forces, and thus the binding strength is increased in fillers with greater surface areas.
M ost mineral fillers, like talc, calcium carbonate, glass and m ica are used up to 40% by 
weight.22
Fillers can vary in a number o f physical properties, each affecting how it interacts 
with particular polym ers and how  it changes the properties o f  the polymers. The chemical 
composition, particle shape and size, size distribution, aspect ratio, surface area, particle- 
particle associations, density, pH, thermal and electrical properties are all important filler 
properties to consider w hen selecting a filler for a specific application. By definition a 
“Filler is a solid material capable o f changing the physical and chemical properties o f 
materials by surface interaction or its lack thereof and by its own physical
7 f \characteristics” . M ost often fillers have particle sizes ranging from 1 to 10 pm. Particle 
size is a critical param eter for filler use as the size influences the viscosity, packing 
density and the am ount o f filler that can be incorporated. Particle shape can affect the
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packing density, stress distribution, melt flow and viscosity. The surface area and 
roughness are im portant factors in that the adhesive forces between the filler and the 
matrix occur at the surface.26 The wettability or degree o f interfacial tension o f filler in a 
polymer matrix depends on the solid/vapor and liquid/vapor surface energies. Surface
energy properties o f  the filler and polymer determine the degree o f wetting and adhesion
26between the two components in a system. Surface treatments are often used on fillers 
prior to their incorporation into a polym er in order to reduce agglomerations, aid in 
dispersion and to aid in bonding with the polymer. Adhesion between filler particles and
a polymer is usually good because o f compressive stresses exerted on the filler due to
28differing thermal expansion coefficients.
Filler surface treatments alter interfacial adhesion between filler and the polymer. 
By reducing the surface energy o f a filler through a coating, the interaction between the 
filler and polym er is reduced thereby increasing the dispersion in the polym er matrix. If 
the filler and polym er interface is strong, then under stress the failure will likely occur in 
the polymer, i f  the interaction is weak, the filler and polym er will separate under the 
stress. A void is created between the polym er and filler where there is no stress transfer
9Qand thus the polym er is weaker in this area. The filler is simply diluting the polymer 
matrix. These competing factors o f dispersion and sufficient interfacial adhesion 
complicate the use o f  fillers and surface treatments in polymer systems.
The grouping o f small particles into a particle o f larger size is known as an 
agglomeration. Agglomerations occur when attractive London-van der Waal forces and 
repulsive Coulombic forces between molecules are unequal and the degree determines if  
particle agglomeration will occur. The formation o f agglomerations negatively affects
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filler dispersion and distribution. Agglomeration o f  primary particles occurs both during 
storage as a function o f  time as particles are compacted after manufacture and in the 
presence o f shear forces. During mixing shear forces put particles into close proximity,
overcoming the repulsive forces, where attractive forces can cause grouping o f
26particles. Agglomerations o f filler particles can act as initiation sites for cracks in a
jo
polymer system.
Fillers can have a significant effect on the kinetics and degree o f crystallization in 
a polym er system. The polym er chains interact with the surface o f a filler which can 
increase the viscosity o f the polymer melt and thus alter the kinetics o f crystallization. 
Adsorption o f polym er onto the surface o f filler particles can organize regions o f the 
polym er and act as centers for crystallization. The fillers thus can have a significant effect 
on structure formation in polymers. The size o f spherulites is dependent on the number of 
centers o f crystallization, as the number o f nucleating sites increases the size o f 
spherulites is decreased. This alters the rheological properties o f the polym er melt. 
Artificial nucleating agents at loadings o f only 0.2% have been shown to significantly 
alter the rheological properties o f a polym er system. Fine filler can generate a large 
number o f sites for nucleation o f crystal growth, which form a great number o f 
crystallites. These crystallites rapidly fill the volume o f the polymer. The degree to which 
filler effects the crystallization depends on the characteristics o f the filler surface and the 
concentration o f the filler in the polym er system. At low filler concentrations, the action 
o f the filler particles as sites for nucleation causes an increase in the rate o f 
crystallization, while at high filler loadings the increase in viscosity hinder the
TOcrystallization process.
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The dispersion o f fillers in solid polymers is rarely uniform and this influences the 
com posite’s structure. Very fine fillers can be the center o f  a spherulite or can be 
displaced into the amorphous region o f the polym er during crystallization. Larger 
particles cannot be centers o f spherulites, thus most fillers accumulate in less ordered 
regions o f the polymer. The degree o f perfection o f  supermolecular structures is 
influenced by the concentration o f fillers, with a larger concentration reducing the 
perfection. The character o f the supermolecular structure o f spherulites in a crystallized 
polymer influences the mechanism o f failure o f  the polym er under stress, as in crack 
formation, adhesion failure and tensile strength. The accumulation o f fillers in 
interspherulitic regions brings about a change in the molecular mobility and conformation
TOo f tie chains, which has an effect on the mechanical properties o f the polym er system.
Boron was chosen as the neutron-absorbing filler element based on prior research 
and experience, cost and chemical stability, and safety o f this element over others. Boron 
is a Group 3A non-metal that has many similarities to carbon however boron is electron 
deficient. Boron has two naturally occurring isotopes 10B and n B with 10B comprising 
19.9% o f naturally occurring boron. The property o f 10B as thermal neutron absorber has
T 1been discussed above.
Boric acid; B(OH)3 , has a variety o f uses, from use as a flame retardant, antiseptic 
and heat resistant glasses. It is readily available commercially and can be purchased 
enriched with 10B. U pon heating o f boric acid dehydration occurs, at 130°C forming 
metaboric acid, HBO 2 ; further heating forms pyroboric acid, H 2 B 4 O 7 , and boric oxide, 
B 2 O 3 . 3 2
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Boron carbide, B 4 C, is commonly used in sandblasting and abrasive grinding 
wheels due to its hardness o f 9.3 Mohs. It is also used as a shielding material in nuclear 
reactors due to the high neutron absorption cross section and its chemical inertness.32 The 
cross section o f natural boron carbide is about 755 barns.33
1.6 Polymer Processing
1.6.1 M ixing o f Fillers in Polymer
The com pounding o f fillers in polymers is a w ell-established practice in the 
plastics industry.34 Compounding is the process o f adding solid fillers to melted polymer
9Qto form a filled polym er system. Several systems exist for mixing fillers into polymers. 
All o f these techniques utilize shear forces in molten polym er to achieve dispersion and 
decrease agglomerations. M ost useful properties o f fillers come about from good 
dispersion within the polym er matrix. The process o f mixing consists o f the filler and 
polymer first being blended, agglomerates broken up, filler particles wet and finally
9 f\dispersion o f aggregate molecules.
Single screw and double screw extruders are com monly used in the melting and 
mixing o f fillers into polymers. These processes achieve continuous mixing and transport 
o f the molten polym er to an end use processing component.34 M ost research 
compounding is perform ed using batch mixers, as less material can be used and multiple 
batches can be m ore easily made than having to configure a screw system. The chamber 
and rotors are heated to a predetermined temperature and m aterials are added to the 
chamber by a feed throat. A ram that maintains pressure in the chamber is then lowered 
into the feed throat, sealing the system. The correct amount o f  material must be used for
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each batch to obtain proper shear stresses. The volume o f polym er and filler, calculated 
using density, should be roughly 66% o f  the volume o f the mixer.28
Internal mixers have been used for quite some time to compound fillers into a 
polymer. The internal mixer consists o f a mixing chamber and two counter rotating 
rotors. These rotors have close tolerances to the walls o f the chamber and each other, so 
they can generate large shear forces and extensional flow, shown in Figure 12 29 This 
high shear force generates heat which aids in the melting o f  the polym er and 
incorporation o f the filler in the polymer. Dispersion occurs rapidly in these mixers, in as 
little as 2 to 3 minutes. Intensive mixing occurs at the rotor blade edges where the shear 
forces are high, thereby breaking agglomerates.29
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Figure 12 Brabender internal mixer with roller blades schem atic.35
Inorganic fillers are not often readily wet by the organic polymers they are being 
compounded with, due to differential surface tensions. This situation leads to a greater
9 0degree o f agglomerate formation. The dispersal o f particles becomes more difficult as 
particle size decreases due to an increased likelihood o f agglomeration with increasing 
particle surface area.26
25
Compounding a filler into polymer should be performed after the polymer is 
melted as the forces during melting are great and can cause agglomeration o f powder 
fillers and increased w ear o f the screws and mixing chamber, illustrated in Figure 13.
FILLER COATS POLYMER GRANULES:
DEFORMED 
POLYMER GRANULES
AGGLOMERATE FORMED
ikfti
COMPACTED FILLER ON METAL SURFACE
Figure 13 Formation of agglomerations during polymer m ixing.36
By adding a filler to a polymer the apparent viscosity is increased, depending on 
both volume fraction and shape o f the filler.36
In polym er processing, two mixing processes are important, dispersive mixing 
where agglomerates are broken down and distributive mixing where fillers are uniformly 
blended into the polymer. Single screw extruders are good at distributive mixing; 
however they do not generate the very high shear forces needed for dispersive mixing to
37occur and agglomerations to be broken apart.
Dispersive mixing utilizes shear stresses generated in a mixture to achieve 
mixing. Dispersive mixing generates stresses in filler agglomerates that are greater than 
the cohesive forces between aggregate particles in an agglomerate, which results in the 
agglomerate breaking into its constituent particles. Because attractive forces are greater in
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smaller particles they are more difficult to separate and disperse than larger filler 
particles. In general, higher shear stress improves mixing o f filled systems.29
For the process o f deagglomeration, the shear stress at the surface is independent 
o f the dimensions o f the agglomerate. There exists a critical shear stress that must be 
exceeded for a certain period o f time for an agglomeration to be broken up. In addition to 
breaking o f agglomerations, the components must be separated after breakage to where
TO
there are no further interactions between the particles.
Agglomerates can be broken down not only by rupture but also by erosion o f 
constituents, illustrated in Figure 14. There is a critical stress level for erosion that is less 
than that o f rupture. These critical stress levels are dependent on the particular filler and 
polymer system being compounded. The degree o f agglomerate breakdown and 
dispersion is determined by the processing parameters. For dispersion there must exist
TO
other stresses than simply shear stress to break agglomerations.
> Z
Figure 14 Agglomerate erosion schem atic.38
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The quality o f a compounding process or mixing depends on how well the filler is 
dispersed within the polym er matrix. Ideally a mixture has a com pletely random 
distribution o f the filler particles, however due to intermolecular forces filler particles 
often group together forming agglomerates. These agglomerates should ideally be broken 
up during mixing into the aggregate particles that are then randomly dispersed in the
29polymer. Using a microscope to determine the degree o f dispersion o f filler is the 
easiest and m ost effective method.
Due to the high shears and temperatures involved with mixing, polymer 
degradation occurs. The thermomechanical forces break bonds in the polymer generating
9 f\free radicals and reducing molecular weight.
Batch to batch variation is one problem that occurs with the use o f internal 
mixers. M ixing times should be kept to a minimum as therm omechanical degradation o f 
the polymer can occur if  excessive (hours) mixing is performed. For sufficient mixing, it 
has been found that mixing time is inversely proportional to the speed o f the rotor. Rotor 
speed is also an im portant factor in the degree o f mixing, as too low o f  a speed doesn’t 
generate enough shear to break agglomerates and too fast a speed induces micro-bubbles 
into the polymer. The temperature o f mixing is a sensitive variable in the compounding 
o f filled polymers, as wetting kinetics are dependent on the temperature o f the system. At 
low temperatures the wetting kinetics may not be favorable, however, at higher 
temperatures the viscosity o f polym ers decreases reducing the shear stress to break
9 0
agglomerates resulting in poor dispersion. Thus, a balance o f these factors has to be 
found for optimal mixing to occur.
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1.6.2 Outgassing
Solid polymeric materials can contain trapped moisture or volatiles which are 
released during processing.39 This would cause bubbles to form in the molten polymer 
potentially creating problems. To avoid this, an outgassing procedure is performed where 
the polymer is subjected to elevated temperature and placed under a vacuum. This 
procedure removes a majority o f water vapor and volatile compounds. The total mass loss 
(TML) is calculated from pre and post outgassing mass measurements. This can give 
some idea as to how problem atic bubble formation in processing would be with different 
polymers and filler compositions, with greater %TML indicating greater bubble 
formation.
1.6.3 Polymer Rheology
In order to process polym er materials into fibers, it is necessary that they be 
transformed from the solid to a more fluid state. This can be done by adding a solvent or 
through heating. Polym er rheology is the study o f deformation and flow behavior o f 
materials, in this case m olten polymer.34 Rheology is based on principles developed in 
the 17th century by Hooke and Newton regarding both elasticity and viscosity.40 
Newtonian fluids exhibit a linear relationship between stress and strain. That is the 
deformation or strain that occurs due to an applied force or stress is directly 
proportional.34 The flow and deformation o f materials, especially polymers, do not 
always follow the laws developed in the 17th century as they exhibit properties between 
that o f solids and liquids.40 Polymers are characterized as non-Newtonian fluids because 
they do not exhibit such a linear response once melted. The elastic deformation of
29
polymers, which is the return to the original pre-stress position, is the factor that 
determines the degree o f nonlinearity. If  too great a stress is applied to a polymer, the 
elongation in the elastic portion can rupture preventing it from returning to the original 
form, permanently dam aging the polymer. The viscous flow o f a polym er is the 
deformation in response to an applied stress. This is largely determined by the molecular 
weight o f the polymer. Viscosity is the applied stress over the rate o f strain, expressed 
most commonly in units o f Poise or Pascal*second.34
The M axwell model for viscoelasticity combines the viscous effects o f liquids 
with the elastic effects o f solids to represent the properties o f a polymer. The Maxwell 
model consists o f  a spring, with a modulus, G, and a dashpot, with a viscosity, r|, in 
series, illustrated in Figure 15.
Figure 15 Maxwell model for viscoelasticity.27
The spring represents the elastic response o f stretched polym er chains that are 
driven by entropy to return to their random configuration. The dashpot represents the
• * 9 7time-dependent effect o f polymer chains rearranging under stress. The viscosity o f a
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polymer is not a constant property; rather it is shear-rate, time and temperature 
dependent.41
The chemical nature o f  each polymer determines its steady shear viscosity. Due to
polymers extended chain structure the viscosity can change with shear forces and 
temperature. The viscosity o f some polymers like the polyolefms is shear-thinning, 
meaning that w ith increased shear forces the viscosity decreases, seen in Figure 16.
Newtonian
Viscosity
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(Pseudopiastic)
Shear rate
Figure 16 Shear thinning behavior of polymer m elts.42
The viscosity o f polyetherimide (PEI), like Ultem®, is moderately shear- 
thinning.29 Shear thinning behavior is a result o f molecular rearrangements and the 
untangling o f  polym er chains.
M elt flow index measurements are commonly provided by the suppliers o f 
polymers. This is a measure o f low shear rate viscosity behavior.34 To measure viscosity 
at low shear rates a cone and plate or parallel plate viscom eter is used. However to
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measure viscosity at higher shear rates, which are more common in the processing o f 
polymers, a capillary rheometer is used. A capillary rheometer is simply a heated cylinder 
with a capillary die at one end and a piston at the other. The piston is connected to a 
constant speed drive and a load cell. In a capillary rheometer, the shear stress is 
calculated from the dim ensions o f the heated bore and the pressure applied by the piston, 
while the shear rate (s’1) is determined by the flow rate.41
The viscosity o f a polym er under high shear processing conditions is different 
from that o f  polym er in a solution. By measuring the viscosity response o f a polymer as a 
function o f shear rate one can determine the ideal processing conditions; i.e. extrusion 
parameters, for a particular polym er system. This is done using a capillary rheometer for 
shear rates o f 100 to 30,000 sec '1. In the extrusion process, shear flow is the predominant 
flow pattern o f  polym ers, thus capillary rheological measurements correlate well to 
processing param eters.34
In capillary rheometers there are two important corrections, to help account for 
the non-Newtonian flow behavior, that need to be made to adjust the shear stress and 
shear rates from apparent values to true values. The Rabinowitch correction accounts for 
the non-linear behavior o f  the shear rate and is applied to shear thinning fluids. Due to the 
complex flow that occurs at the entrance o f the die, a velocity profile arises causing a 
larger pressure drop than would occur with simple flow. The Bagley correction accounts 
for this excess pressure drop by relating it to the capillary length and diameter 41
W hen short capillary dies (L/D < 25) are used the pressure drop that occurs at the 
entrance o f  the capillary must be accounted for to provide a correct shear stress. This
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correction is known as the Bagley correction and requires the use o f at least two capillary 
dies. An orifice die w hich has a very small length (0.25mm) is used in this correction.
The apparent viscosity (rj) is calculated by dividing the shear stress (x) by the 
shear rate (y), shown in the following equation in Figure 17.34
T) — T / y
AP = pressure drop
I  = AP x R R = capillary radius
2L L = capillary length
y = 4 0  = (4 7t rk)2 x S = 4 x rn2 x S Q = volumetric flow rate
7tR3 7trc3 it x rc3 rb = barrel radius
S = piston or ram speed
rc = die radius
Figure 17 Equations for apparent viscosity, shear stress and shear ra te .34
In addition to understanding how shear rate changes viscosity, it is equally 
important to know the effect temperature has on a polym er’s viscosity. This relationship 
can be determined by performing a series o f  capillary rheology measurements at varying 
temperatures. From this information one can determine if  a polymers viscosity is more 
sensitive to changes in shear or heat or equally sensitive. For temperature sensitive 
polymers like polycarbonate, polyethylene terephthalate (PET), and polybutylene 
terephthalate (PBT), increasing the shear during processing does not change the viscosity 
much; however small changes in the temperature significantly affect the viscosity. 
Conversely, the polym ers polyethylene and polypropylene are more sensitive to shear and
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thus viscosity is not changed much with temperature changes and increased degradation 
will occur at higher temperatures. Simply increasing the shear in the processing o f these 
polymers will significantly lower the viscosity o f the m elt.34
Polymer flow is determined by a polym er’s combined shear flow and elongational 
flow. The shear flow behavior o f filled polymers is important for the determination o f 
ideal processing parameters.
Extensional flow behavior o f a filled polymer is also im portant in a number of 
applications like fiber spinning, film blowing and extrusion processes. The rheology o f a 
material generated by shear forces is not necessarily correlated with extensional forces. 
W hen a material is unconstrained extensional forces come into play on the polymer
90system. The convergent flow that occurs at an extrusion die is extensional.
Filled polym ers have different rheological and physical properties than the 
unfilled polymers. The type o f filler, size, size distribution, shape and am ount o f filler
90affect the rheological properties o f a filled polymer.
The m axim um  particle packing in a polymer is dependent on the interactions of 
the particle surface with the polymer matrix and other particles. The melt viscosity 
depends on these particle-particle and particle-polymer interactions and consequently the 
filler particle surface treatment. At very low and very high shear rates molten polymers 
frequently exhibit Newtonian flow behavior.43
The use o f particulate fillers in a polym er decreases the elasticity o f the polymer 
melt. Consequently, the extrudate swell decreases with increasing particulate filler 
concentration in the melt. This arises due to the decreased mobility o f the polym er chains 
caused by the filler; this in turn reduces the elastic response under an applied stress. The
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addition o f fillers increases viscosity levels while the degree o f change depends on the 
filler type, size and distribution.29 It has been found that the addition o f hard fillers to a 
polymer increases the glass transition temperature o f the polym er matrix.29
M elt strength is a measure o f the resistance to extension and is the maximum 
force to break an extruded strand. Elongational melt strength is dependent on both 
temperature and pressure. The elongational melt strength decreases with increasing 
temperature and less so with increasing pressure. It is thought that increasing the 
temperature increases the intermolecular distances in the polymer which would decrease 
the intermolecular forces, weakening the melt strength under elongation.44 Elongational 
viscosity is the resistance o f  a fluid to elongation or extension. The addition o f filler 
increases the extensional viscosity in a polymer. As the filler concentration increases so 
does the extensional viscosity, a similar effect is seen with shear viscosity. Extensional
29  • •viscosity decreases w ith increasing extension rate. The elongational viscosity is 
calculated (Cogswell) from the excess pressure drop seen at a capillary die accounted for 
by the Bagley correction.
In extrusion o f  fibers, excessive shear stresses at the die outlet can cause surface 
irregularities and even gross melt fracture. The loss o f a regular smooth surface finish is 
caused by slip-stick phenom ena where the polym er ‘sticks’ to the wall o f the die and then 
‘slips’ to the pressure buildup behind it. This causes irregularities on the surface o f the 
extrudate, com monly called ‘shark-skin’. W ith greater throughputs o f polym er and higher 
stresses, the distortion is greater, show in Figure 18 42
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Figure 18 'Sharkskin' phenomenon in LLDPE extrudates from a capillary at shear rates of 37, 112, 
750 and 2250 s'1. 42
W here there are significant pressure changes within the die due to great stresses 
the melt begins to experience gross melt fractures which are where the filament breaks.42 
The solution to this problem is to either alter the polym er’s formulation or add a slipping 
agent; also the shear rate can be decreased so the shear stress is not as high.40
The extensional effects can be calculated using the Bagley correction and 
Cogswell model. The Cogswell method utilizes an orifice die in addition to a capillary 
die to directly measure the extensional properties o f a polymer. There are other methods 
using dies o f different lengths or diameters but they rely on extrapolation o f the data to 
determining extensional properties.40
1.6.4 Polymer Extrusion
The role o f  the extruder is to convert a solid polym er to the molten state and
• 99transport it to a die w ith a uniform temperature, output rate and composition. These
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factors are dependent on the rheological properties o f the polym er.34 This is especially 
true in the extrusion o f  monofilament fibers, where it is critical to have identical products 
from each run. In extruding polymers, it is necessary to have constant and uniform melt 
temperatures and pressures to have a uniform product. If  the polym er viscosity increases 
then less polym er is extruded and the fiber dimensions change. Additionally with a higher 
viscosity there is higher shear in the polymer which could lead to degradation. Similarly, 
decreases in viscosity also lead to unacceptable product dim ensions and characteristics.34
There are several different types o f extrusion systems, but all have three basic 
processes they accomplish; melt the solid feed material, homogenize, and pump the 
material through a die. The m ost common type o f extrusion system is the single screw 
extruder, which consists o f  a zone-heated barrel with a motor-driven flighted screw 
within the barrel, illustrated in Figure 19.
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Figure 19 Single screw extrusion schem atic.37
The feed polym er material can be in several forms from powder to granules or 
pellets. This solid material is fed into the extruder through a hopper, which holds the 
material, through the feed throat and into the feed section o f  the screw. The screw rotates 
and conveys the solid material into the heated chamber. A constant feed is important as
37
the performance stability o f  the extruder depends on a continuous supply o f polymer to 
maintain pressure. The solids are conveyed forward into the heated cham ber o f  the 
extruder through friction forces o f the polym er on the screw and walls o f the chamber. 
The feeding section o f  most extruders is air cooled to prevent the premature softening or 
melting o f the polym er in the feed area.37As the screw conveys the solid polymer 
material, some compression takes place due to the friction o f the material. As the material 
moves into the heated zones o f the extruder chamber, the solid polym er begins to melt. 
The melt occurs first in the polym er closest to the chamber wall where the heat is 
originating. This forms a thin polymer melt on the wall o f the chamber that gradually 
grows, as seen in Figure 20. Once this melt layer becomes thicker than the clearance o f 
the screw in the cham ber the melted polym er beings to accumulate at the back surface o f 
the screw channel.
Figure 20 Mechanism of melt propagation in a single screw extruder. A: Melt pool. B: Barrel. C: 
Molten polymer film. D: Solid polymer granules. E: S crew .37
During this process large shearing forces are generated in the melted polymer. 
This shearing results in heating and additional melting in more shear dependent
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polymers, the energy generated through shearing in the melt is sufficient for the entire 
melting process and the heat contribution o f the chamber is not as significant.37
The design o f the screw in a single screw extruder affects the processing and 
quality o f  the final product. The screw can vary in the inside barrel diameter, the length to 
diameter ratio, the com pression ratio, the channel depth and width, the flight helix angle 
and the pitch o f the screw. The compression ratio o f  a screw is the depth o f  the screw 
channel at the feed end to the depth at the die end. This compression ratio is a design 
factor for extrusion depending on what polymer is being extruded. There are numerous 
combinations o f these parameters which all affect the conveying, melting, compounding 
and com pression o f  the polym er.41
In a single screw extruder, the usual length-to-diameter (L/D) ratio o f the screw is 
between 15:1 and 30 :l .45 Countless screw designs and configurations can be used to 
accomplish different processing needs and these designs greatly influence the
'" in
performance o f  the extruder.
As the material is conveyed through the chamber, it eventually encounters the die, 
which has a small opening forming the final product. Here the material builds up and 
pressure builds. Pressurization occurs along the entire length on the screw once the 
polymer has been m elted.37 The pumping action o f the single screw extruder is not by 
positive displacement but by drag flow. The drag flow between the barrel and the last 
fight o f the screw generates the pressure for pumping.41 This pressure is usually not 
constant due to pressure surges generated as solid polym er breaks apart and melts, and 
due to occasional unm elted material at the die.37 The production o f fibers which have a 
small diameter require very clean and uniform viscosity melt, in order to produce the fine
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fibers w ithout defect. Due to these demands metering pumps are usually used to ensure a 
constant output rate.22 The use o f a melt pump attached to the end o f  the extruder is 
common. A melt pum p consists o f two intermeshing gears that pump the polymer melt to 
the die at a constant pressure to ensure consistent and stable output from the die, which 
the screw extruder alone cannot accomplish.
M elt filters prevent agglomerations, gellations, or contaminants from entering the 
extruder die. The filters are either screen packs or sand packs placed at the end o f the
T 7
screw before the die in the extruder.
The purpose o f the die is to form the polym er into the shape o f the final product.41 
Due to the extrudate going from a high-pressure area inside the die to the low-pressure 
environment outside the elastic properties o f  the polym er relax and the melt swells, a 
phenomenon known as die swell, illustrated in Figure 2 1.46
Die swell is usually described to be a result o f  unconstrained elastic recovery o f a 
polymer melt. However, in the melt spinning process the extrudate is under tension and 
thus is not unconstrained. In the melt spinning process die swell is better described by a 
change from Poiseuille flow to uniaxial tension or stress.47
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Figure 21 Schematic of polymer fiber extrudate and die swell (a). 46
As the polym er flows through the die, polymer at the walls travels slower, due to 
friction with the wall, than polym er in the center. This flow differential creates a shearing 
force within the die and elongates polym er molecules. This elongation aligns polymer 
molecules and decreases the entropy. Once the polymer molecules are out o f the die the 
elastic property o f  the polym er returns the chains to the original higher entropy
9  7arrangements. In the extrusion o f polypropylene it has been found that the shear at the 
entry to the die is small however it increases greatly (~500x) once inside the capillary.46
41
The degree o f die swell is dependent on the type o f polymer, the melt viscosity, 
temperature, throughput and the dimensions o f  the die. The swell can be decreased by 
lowering the viscosity o f  the melt, lowering the throughput, increasing the temperature, 
or increasing the length to diameter ratio o f the die.46 To reduce the pressure drop at the 
die and subsequent die swell high flow rates are used, i.e., larger dies. Die openings are
99typically between 0.3 m m  and 0.8mm. Tension on an extrudate also decreases the die 
swell.47
Polymer flow is largely a result o f shear flow, extensional flow and elastic 
behavior. Polymers may have similar shear flow properties but may have very different 
extensional flow characteristics. This is significant for a number o f polym er processing 
operations that are predominately determined by extensional flow, like fiber spinning and 
blow molding 40
As the fiber continues out o f the extruder it is cooled from the outside to the 
inside by the surrounding air, a process known as quenching. Quenching, or solidifying 
o f the polym er extrudate is accomplished either by air or a water bath. Crystallization o f 
the polym er begins in the quenching region. The rate and degree o f  crystallization depend 
on the m olecular weight, processing history and temperature o f the polymer, along with 
the am ount o f  tension on a fiber as it is being taken-up from the extruder. The density o f 
the polym er is determined by the ratio o f  amorphous polymer to crystalline polymer in 
the final product.46
At high extrusion rates, distortion in the extrudate frequently occurs, particularly 
in polyolefms. This distortion originates in the die entry region and is resolved by 
decreasing the extrusion rate or increasing the length to diameter ratio o f the die.
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There are two particular extrudate irregularities that occur, kneeling and spinline 
resonance. The cause o f  kneeling is thought to arise from a contaminant inside or on the 
surface o f the die or can be due to a temperature differential across the die, seen in Figure 
22 (a). There exists a critical take up speed above which results in the phenomenon called 
draw resonance. The draw resonance creates a fiber with a diameter that varies ±20% in 
regular periods o f between 0.5 and 3 seconds, seen in Figure 22 (b).46 The spinline 
oscillation can arise from tension, temperature, force or extrusion rate variations 47 This
can be corrected by reducing the draw stress, lowering the viscosity o f the melt or
22increasing the cooling o f the extrudate so that it solidifies more quickly.
/ X
Figure 22 Fiber extrusion problems, (a) kneeling, (b) periodic diameter fluctuation. 47
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The addition o f fillers to a polymer alters the melting and conveying dynamics of 
the polymer. Die swell has been found to decrease with increased filler loading. In 
general the addition o f a filler to a polym er increases the melt viscosity and decreases the 
viscoelastic effects o f the polym er.45
Polypropylene is one o f the most important commercial polymers due to its high
• 22melting temperature and good chemical resistance. Fiber formation is said to be the 
m ost demanding polypropylene processing method. Originally, a two-step process was 
used to make continuous filament fibers, where spinning and drawing are performed 
separately. Polymer is extruded through a die or spinneret to form the filament, which is 
quenched usually by air. This ‘spun yarn’ is taken up on a bobbin at a constant speed with 
little draw stress in the filament; ju st enough to reduce the die swell. The ‘spun yarn’ is 
then drawn through an oven, with two sets o f goddet wheels operating at different speeds. 
This drawing process increases the tenacity o f the fiber and is usually performed at a ratio 
o f 3:1 or greater.
Polypropylene fibers comprise about 34 percent o f  the use o f polypropylene in 
North America, second to injection molding processes. The m elting point of 
polypropylene is dependent on tacticity, thermal history, molecular weight, 
crystallization, orientation and diluents.22 Neither polyethylene nor polypropylene is 
hydroscopic so drying is not necessary prior to extrusion. The density and molecular 
weight o f polyethylene determine its properties and the processing conditions. The 
viscosity o f  polyethylene is more shear dependent than temperature dependent.34
The compounding o f fillers and fibers in polypropylene is easily performed and 
produces properties in the final product similar to engineered polymers. Polypropylene
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has a rather large processing window and good melt strength. Like polyethylene, 
polypropylene is more shear than temperature dependent; so, to effectively decrease the 
viscosity, the screw speed can be increased to generate more shear forces.34
Polypropylene is commonly filled with loadings up to 50% wt without deleterious 
effects on the mechanical properties. However some fillers even at low loadings (10%) 
decrease the mechanical properties. Fillers can greatly affect the nucleation rate in 
crystallizing polypropylene. The mechanical properties o f filled polym ers depend on a 
number o f factors. It has been found that the addition o f fillers to a polym er increase the 
tensile strength up to a point beyond which the strength begins to decrease. The addition 
o f carbon black up to 10% increases the tensile strength o f  polypropylene. Greater 
loadings o f  carbon black eventually decrease the tensile strength to a level below that o f
the neat polymer. The addition o f talc and kaolin has been made up to 30% wt. in
26polypropylene with no change in the tensile strength.
1.6.5 Polym er F iber Drawing
There are two prim ary methods for the production o f polym er fibers: solution 
spinning and m elt spinning. In solution spinning a polym er is extruded either into a bath 
o f non-solvent to coagulate the polymer, known as wet spinning; or solvent and polymer 
are extruded through a stream o f hot gas to remove the solvent, known as dry spinning. 
The melt spinning process extrudes molten polymer directly into fibers. No matter the
27method o f spinning fibers are usually oriented or drawn to increase their strength.
The micro structure o f a polymer product consists o f polym er morphology, 
crystallinity and orientation o f specific regions, illustrated in Figure 23. These regions are
45
dependent on the therm omechanical history the polym er encounters. The final properties 
o f a product arise from this micro structure in the polym er.48
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Figure 23 Fiber morphology.49
At temperatures below the polym er’s melting point, the regular packing o f 
polymer chains brings about crystallization, which lowers the free energy o f the polymer. 
This is in opposition to the entropy force, which prefers disordered chain arrangements. 
Thus, a polym er is usually comprised o f  crystalline and amorphous regions in balance. 
The crystalline region polym er chains are held together by van der Waals forces, 
hydrogen bonding and dipolar interactions. The crystalline regions have been described 
as cross-links in the amorphous polymer. The presence o f crystalline regions stiffen and 
toughen the polymer. Thus, microcrystalline polymers are tougher than purely amorphous 
polymers. The easiest way to enhance the crystallinity o f a polym er material is to stretch 
it in one direction. The action o f stretching orients some o f the polym er chains parallel to 
each other. These close packed parallel chains are crystalline. The degree o f 
crystallization is enhanced by heating and cooling the polymer while stretching, 
illustrated in Figure 24.27
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Figure 24 Fiber form ation.49
By applying heat during drawing, the mobility o f polym er chains is increased 
making the fibers easier to draw without damaging. To obtain the desired fiber diameter 
and strength, drawing is essential. The maximum fiber strength is achieved when the 
polymer chains are aligned, as occurs with drawing.34 This ‘annealing’ process is 
common in industrial manufacture o f polymers. It is not uncom mon for the stretching
97length to be over five tim es the length o f the original material. The maximum draw ratio 
is dependent on the crystalline structure o f the polymer.46 The drawing process involves 
the fiber passing between successive heated rolls that have an increasing speed or passing 
through an oven between two rolls moving at increasing speeds. As a polym er fiber is 
being oriented the diameter decreases greatly it is said to ‘neck dow n’. The extrusion 
process partly aligns crystalline regions as it forces the polym er through the die. The 
additional stretching further aligns the crystalline regions and aligns the amorphous 
chains. The fiber is then strong in the axial direction along the chain length but is rather 
weak in the perpendicular direction between chains.27 The orientation process aligns 
polymer molecules into a specific direction rather then having the polymer chains
47
randomly arranged, illustrated in Figure 25. Drawing takes advantage o f the strength in 
the orientated direction.
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Figure 25 Drawing process.27
W ith uniaxial orientation the width and thickness o f the polym er decreases with 
the square root o f the draw ratio. Oriented fibers have an increased strength and modulus 
which is proportional to the draw ratio, over fibers that are not oriented. The increased 
strength arises from the increased number o f chains aligned in the same stressed 
direction. The stiffness o f the fibers is also increased with a decreasing elongation to 
break as orientation degree increases. The modulus in a polym er fiber is proportional to 
the degree o f orientation.22 There is a critical molecular strain level that initiates the 
nucleation and growth o f  crystals in melt-spun polym ers.50
In both polyethylene and isotactic polypropylene the temperature at which a fiber 
is drawn can have a significant effect on the mechanical properties. Yield stress and 
stress at break is typically decreased with lower draw tem peratures.51
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In the extrusion process it is seen that fiber diameter is related to the take-up 
speed and fiber tenacity is determined more by the draw ratio. The tensile modulus is 
equally affected by the take-up speed and the draw ratio.52
1.7 Atomic Oxygen Exposure
The space environm ent contains many threats to materials stability. Degradation 
caused by atomic oxygen (AO) is a major concern for polymers. In low earth orbit (LEO) 
atomic oxygen is created by UV photo dissociation o f diatomic oxygen. Atomic oxygen 
is most abundant at altitudes o f 180 -  650 km. Atomic oxygen has enough energy to 
break the bonds o f most organic polymers and cause erosion o f  the polym er surface. With 
the exposure o f polymers to atomic oxygen, degradation arises from a combination o f 
hydrogen abstraction, oxygen addition or oxygen insertion. These reactions lead to chain 
scission and volatile products causing a gradual erosion o f hydrocarbon materials. The 
atomic oxygen fluence cannot be reliably predicted due to variations in solar activity. The 
fluence, F, o f atomic oxygen can however be determined according to the following 
equation, Figure 26, using the mass loss, AMk, o f Kapton® polymer, which has been well 
characterized in the AO environment. Ak is the surface area o f Kapton® sample (cm ) 
and the pkis the density o f  Kapton® which is 1.42 g/cm . The erosion yield o f Kapton® 
has been determined to be 3.0 X 10' cm /atom.
F = AMk
___________________________________________ (AkPkEk)____________________________________
Figure 26 Equation for determining atomic oxygen fluence by a Kapton® witness sam ple.53
24  3The erosion yield for polyethylene is between 3.2 and 4.5 X 10’ cm /atom and
4.4 X 10'24 cm 3/atom for polypropylene.
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A simulated AO environment can be produced to test materials durability in LEO. 
Filled polym ers are one approach to reduce the erosion caused by AO. The atomic 
oxygen erodes the surface layer o f polym er exposing the filler particle and forming a 
non-volatile oxide. This oxide then forms a barrier against further erosion by the AO.53
1.8 Tensile Testing
One method to characterize a polymer fiber’s physical properties is the tensile 
test. The tensile test measures the resistance to deformation o f a material under an 
increasing load along its lengthwise axis. The material can fail by abrupt fracture or it can 
deform in a process known as ‘necking dow n’. Necking down occurs when the cross 
section o f the material decreases as it is elongated and deformed, illustrated in Figure 27.
Dow i
Figure 27 Necking o f monofilament fib er .34
The tensile test generates a number o f useful data about the response o f a material 
under a load. The tensile strength and elongation at failure (and yield if  present), tensile 
modulus (Y oung’s modulus) and toughness are all obtained from each tensile test. This 
information is displayed in a stress vs. strain curve for the material, an example curve is 
seen in Figure 28.
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Figure 28 Tensile stress-strain curve.34
The strain on the x-axis is a measure o f the elongation o f the material, while the 
stress on the y-axis is the force necessary to stretch the material. The initial slope o f this 
curve is the modulus. The area under the curve is a measure o f  the toughness o f the 
material. Polymers that are filled with inorganic materials generally have higher strengths 
to break and higher m odulus values, at a consequence o f lower elongations.34
The data collected are the engineering stress and strain, which does not account 
for the decrease in cross section as a sample is stressed. The stress and strain data are 
determined according to the sam ple’s original dimensions 41 W ith the application o f a 
load to a material, a change in shape occurs in each axis in a constant ratio depending on 
the material, known as the Poisson’s ratio. A material under a load elongates axially and 
shrinks laterally. The Poisson ratio for polypropylene is 0.33 and for high density 
polyethylene is 0.38. The value is 0.25 for an isotropic m aterial.41
51
The stress strain behavior o f a polymer is a quantitative descriptive o f the 
mechanical properties o f  a material such as a polymer. The curve displays the stress (o) 
or mechanical load that causes a deformation or strain (s) in the material. The stress is 
expressed in units o f megapascals (MPa) and is a measure o f force per unit area.54 Forces 
that elongate a material are called tensile forces.41 Strain (s) is the measurable length 
deformation in the axis o f  stress application o f a material, (e = AL / L) 41 The strain is 
dimensionless and is fractional change in length of a material resulting from 
deformation.54
The mechanical properties o f a polymer depend on several factors, including the 
degree o f  crystallinity, chain orientation and cross-linking. Comm on mechanical 
properties referred to when comparing materials are strength and toughness. The strength 
o f a material is the stress or load that a material is able to withstand before failing. 
Toughness is a characteristic that depends both on the stress and strain a polymer material 
is able to withstand. It is the amount o f energy that is required to cause a polymer to fail; 
the area under the stress strain curve.54
Tensile strength is the ultimate load a material experiences before failure, while 
the fracture strength or tenacity is the stress at failure and yield strength is the stress 
where irreversible yielding occurs. For most structural applications the yield strength is 
the most applicable as this is the stress at which material deformation occurs. The 
ductility is the degree o f deformation at failure, often the percent elongation o f the 
sample. The stiffness o f  a polym er is the ratio o f the stress to the strain and is known as 
the modulus.
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The behavior o f  materials to a stress is time dependent, as polymers are 
viscoelastic, thus at differing time scales the mode o f deformation o f  a polym er may be 
different.27
The mechanism o f failure and the stress strain performance o f a polym er 
determine the usefulness o f the material for particular applications. The failure behavior 
o f polym er systems depends on the structure o f the polymer both molecular and 
supramolecular (semicrystalline polymers, copolymers, and filler dispersion), orientation 
o f polym er chains and thermal history o f the polymer. There are three basic modes o f 
failure; brittle failure, crazing, and shear yielding.54
The initial response o f polymers and brittle materials has a linear relationship 
between stress and strain. This Hookean proportionality or slope o f the stress strain curve 
is known as the Y oung’s modulus (E) and is considered a measure o f the stiffness o f a 
material, (o = E s) The corresponding mechanical representation is an elastic spring 41 
Brittle fracture occurs when there is no polymer chain mobility and the chemical bonds, 
both covalent and van der Waals, break under a specific stress causing total failure in the 
polymer, both microscopic and macroscopic. The mechanism has been described by the 
energy necessary for bond breakage and the influence o f defects in the material inducing
54stress concentrations.
In both crazing and shear yielding the microscopic deformations are similar as the 
polym er chains are sufficiently mobile to allow plastic flow. However the macroscopic 
deformation appears differently. The crazing process proceeds in stages o f deformations 
that eventually cause failure in a polymer; cavitation, craze nucleation and propagation 
leading to failure, illustrated in Figure 29.
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Figure 29 Failure by crazing in a polymer fib er .26
Shear yielding on the other hand is a continuous homogenous deformation.54
The deform ation o f  crazing is the process where fine crack imperfections are 
initiated and then propagate in a polymer under stress. Crazes are a result o f filler 
particles debonding from the polymer and stretching o f the polym er between the filler 
particles.26 The polym er fails by a brittle mechanism as stress is increased in crazed 
samples.41
Ductile polym ers exhibit a yield stress beyond w hich the material deforms by 
necking. The initiation o f necking is usually due to inhomogeniety in the polymer, either 
cross section difference or differential yield stress along the length. The failure o f a
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polymer occurs when the molecular cohesive strength is exceeded. The ultimate failure 
strengths o f polym ers can be calculated from bond strengths and intermolecular forces, 
however due to irregularities in the actual polymer and differences in processing which 
are uncontrollable, there are difficulties in accurately modeling the failure strength in a 
material.41
For many applications, the polymer that is the m ost useful is considered to be the 
one with the m ost ductile failure mode. Thus, shear yielding is the preferred failure mode 
followed by crazing and brittle failure. Polymers will fail by the mechanism present that 
requires the least amount o f stress.54
The stress strain curve o f a material differs based o f the mode o f failure, seen in 
Figure 30.
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Figure 30 Typical stress-strain curves for different failure modes.28
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A material that fails by the brittle mechanism exhibits a linear stress strain curve
prior to fracture, at a low strain. A ductile polymer can withstand greater strain as it
distributes the energy o f stress by deformation. The polym er displays a yield point when
the ‘irreversible’ deformation is initiated, this is occasionally accompanied by a drop in
the stress as the material is being deformed, i.e., ‘necking’ o f the polymer. After
deformation o f  the polym er has progressed through the sample, it undergoes strain
hardening where the stress begins to increase rapidly until failure.54
Temperature has a large effect on the behavior o f a polym er in response to a load.
As temperature increase is associated with an increase in the mobility o f molecules the
result in a polym er is an increased ductility and decreased stress at failure. 41 This
property is taken advantage o f  when polym er fibers are drawn.
Six different modes o f failure, illustrated in Figure 31, have been identified in
filled polymers; ‘brittle; quasi-brittle with neck formation; fracture with neck
* • * 28propagation; stable neck propagation; micro-uniform yielding and yielding m crazes.’
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Figure 31 Different failure modes of fdled polymers. 28
The addition o f  fillers usually reduces the fracture strain o f  a polym er and leads to 
an em brittlement o f the material. The Young’s modulus in filled polymers is generally 
increased and the therm al stability is improved. The deformation mode o f the polyolefms, 
polyethylene and polypropylene are predominantly non-uniform yielding with necking. 
The addition o f  filler, in increasing amounts, to polymers with this deformation mode 
leads to the failure mode o f fracture with neck propagation to quasi-brittle with neck 
formation, and to brittle failure at extreme loadings.
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The tensile test is the most commonly used method to determine the effect 
o f fillers on a material. A t low filler concentrations, the Einstein equation, Figure 32 
below, can be used to predict tensile strength.26
i-
oc = op (1 + ao )
Figure 32 Einstein equation for tensile strength of Filled m aterials.26
For spherical particles, b= l and ‘a ’ depends on the adhesion o f the filler to the 
polymer matrix. o p is the tensile strength o f the unfilled polym er and o c is the predicted 
tensile strength o f the composite polymer, o is the volume fraction o f the filler.
This equation has been revised by Nicolais and N arkis to account for the situation 
where the addition o f filler decreases the tensile strength, which is not predicted by the 
Einstein equation. The revised form has a = -1.21 and b = 2/3.26 The decrease in strength
9 /9of a filled polym er has also been estimated by Smith to be: o /om = 1 — 1.21o with om=
the strength o f  the unfilled polymer and o is the volume fraction o f filler. This equation
gives a rough estimate o f  the decrease in strength o f a filled polym er as it does not
address the particle-polym er interaction or the size or size distribution o f filler particles.
I f  the adhesion between the filler and the polym er is strong then the yield stress is the
same as unfilled polymer. As the adhesion between filler and polym er decreases the yield
28stress will be decreased, as debonding o f the filler and polym er occurs.
A more general comprehensive formula relating the filler volume fraction to the 
change in tensile strength is written as: oc = op (1 - aob + cod) where a, b, c and d are 
constants related to particle size and adhesion.
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The tensile strength o f a filled polymer is influenced by the particle size and 
shape, the concentration and interaction with the polymer. Smaller particles with a 
specific range o f aspect ratio increases the tensile strength. The effect o f concentration on 
tensile strength is not linear, in fact there is a critical concentration o f filler where the 
tensile strength begins to decrease and will eventually decrease to below the unfilled 
strength. The relationship between the elongation and tensile strength is an inverse
9  f \relationship.
Only impact, flexural and tensile stresses can induce a failure in a filled polymer. 
The debonding between the filler and the polymer matrix requires the least amount of 
energy and is thus the m ost likely method o f failure in filled polymers. As filler 
concentration is increased the strain required to cause failure in the polym er is 
decreased.26
For each failure mode there is a critical filling level for fillers o f a particular size. 
The effect o f particle size and interfacial adhesion is significant for the toughening o f 
filled polymers. The particle size has been determined to be the prim ary factor that 
changes the debonding stress in a filled system. As the particle size decreases the 
debonding stress increases and the intensity o f voiding in the polym er decreases. The 
typical deformation o f pure polypropylene is by necking and subsequent strain 
hardening.55
The size, shape, and size distribution o f filler particles influence the resultant 
mechanical properties o f  a filled polymer. Additionally the degree o f dispersion and the 
quality o f adhesion between the filler and the polymer are im portant factors in 
determining the properties o f  the filled system.56
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1.9 Weaving
Textiles produced for their functional and technical properties are called technical 
textiles. There are several different processes used to create textile fabrics; including 
weaving, knitting, felting and other nonwoven processes. The weaving process on a loom 
is the most common method used to manufacture textile fabrics. A plain woven fabric is 
simply two yam s positioned at right angles to each other that are interlaced, shown in 
Figure 33. Those yarns that run the length o f the fabric are term ed the warp ends and the 
yarns that run side to side are called the weft yarns. A pick is the term used for a weft 
yarn passing through the warp during weaving. The reed is the comb-like feature in a 
loom that keeps the warp yarns separated during weaving and is used to beat the fabric or 
tighten the fabric during weaving. A dent is the term for each space in the reed.
The strength, durability, porosity and extensibility o f a fabric depend on several 
weaving param eters like the type o f weave, the number o f threads per centimeter, the 
thread spacing and structure and the linear density o f the fibers. The linear density is a 
measure o f mass per unit length. In the textile industry and the SI unit for linear density is 
the tex. The tex is the mass in grams o f 1,000 meters o f fiber or yarn.
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Figure 33 Plain weave schem atic.57
The plain weave is the simplest weave that is produced; one warp thread is raised and 
lowered across one weft thread. The properties o f a woven material depend on the type o f 
weave and fiber used. The fabric stiffness and weavablity is determined by the properties 
o f the raw materials. One property, the cover factor, is the degree o f area covered by 
either the warp or weft threads. The cover factor can be determined by multiplying the 
number o f threads per centimeter by the square root o f the linear density o f  the yarn (tex) 
and dividing by ten. This calculation gives a cover factor for the warp or the weft, when
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they are added together the cover factor o f the cloth is obtained. The plain weave has the 
greatest number o f  intersections per unit area.57 For this reason the plain weave has the 
greatest cover factor over other types o f weaves.
1.10 Neutron Exposure
The neutron absorbing ability o f boron-containing materials has previously been 
demonstrated by surrounding a piece o f pure indium foil with a material and exposing it 
to thermal neutrons in a small neutron source.
Radioactivity due to 116mIn is induced in the indium foil by a neutron capture 
reaction on 115In, w hich is 95.7% o f natural indium, the reaction is shown in Figure 34 
below. Indium -116m decays with a 54.4 minute half life, which allows P decay counting 
to be completed in about 2 hours. The difference in 116mIn radioactivity when the In foil 
was surrounded by pure polym er to the activity when the foil was surrounded by the 
boron-containing material was used to monitor the efficacy o f the boron-containing 
material as a neutron absorber. W hen the indium foil was sandwiched between two 3- 
mm pieces o f epoxy containing 17.4 % by weight o f amorphous boron powder, about
S £92% o f the incident neutrons were absorbed.
115In +  ‘n " 6mIn - »  ll6Sn +  p
  * —
Figure 34 Neutron activation of In reaction.
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1.11 Applications
Filled polym ers can be produced in a number o f  different forms; from 
monofilament fibers to solid blocks. The design o f a product depends on its end use. 
There is more than one way to generate fibers, depending on the polym er properties and 
desired product. M elt spinning is the focus o f the research in this project but there exists 
several other methods to produce monofilament fibers. W et spinning and dry spinning are 
used frequently w ith other types o f polymers and this method is well established. 
Additionally, for some applications that require a sheet o f filled polym er but do not 
require strength from the material, a nonwoven material may be suitable. Composite 
materials can be developed to enhance the physical properties o f the material or combine 
other properties in a material. Impregnated woven materials are commonly used over 
solid blocks o f filled polymer. Again, the physical form o f the filled system depends on 
the ultimate application o f the material.
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CHAPTER 2.
EXPERIM ENTAL STUDIES
2.1 M ATERIALS
High density polyethylene pellets with a melt flow index (MFI) o f  12 g/10 min, 
density o f 0.952 g/mL at 25°C and a melting point range o f 120-145 °C; isotactic 
polypropylene pellets M n -67 ,00  and M w -250,000 with a MFI o f  12 g/10 min, density o f 
0.9 g/mL and a melting point range o f 160 - 165°C; Nylon 6,12 with a density o f 1.3 
g/mL and a m elting point o f  218 °C; 99% 10B Boric Acid and amorphous <10 micron 
boron carbide powder with an average particle size o f 2.58 microns were purchased from 
Sigma-Aldrich Co. and used as received.
Enriched boron-10 (96.77%) 10-micron boron carbide 99.7% pure was purchased 
from ESK Ceramics GmbH & Co. (Kempten, Germany) and used as received. The 
polyetherimide (PEI) Ultem® 1000, registered to the General Electric Company was used 
as received from stock. 99.99% amorphous Boron powder -325 m esh (44 micrometers) 
from Alfa Aesar was used from stock.
2,6-Di-tert-butyl-4-methylphenol 99% or butylated hydroxy toluene (BHT) with a 
density o f 1.048 g/mL, melting point o f 70°C and a boiling point o f  265°C was purchased 
from Alfa Aesar and used as received as an antioxidant additive.
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2.2 PROCESSING
High density polyethylene (HDPE), isotactic polypropylene (PP), nylon 6,12 and 
Ultem® (polyetherimide) were mixed using a 30 cc and later 60 cc Type 6 Brabender 
measure/mixer w ith non-intermeshing, counter rotating roller blades. The mixer was 
attached to a C.W. Brabender® Instruments, Inc. Plasti-Corder® drive system and 
attached by universal couple with a shear pin. The mixer had three heated zones, all were 
set to the same processing temperature for the polym er being mixed. A nitrogen purge o f 
5 psi on the ram was used to limit the oxidative degradation o f  the molten polymer during 
compounding. The m ixer was loaded at 70% capacity as per the recommendations o f the 
user manual and Dennis W orking the lab technician. A number o f  different mixtures were 
made in order to test several variables. Ultem® was mixed with either 0%, 1%, 3% or 
5% o f boron pow der and 0%, 1%, 3%, 5%, 10% or 20% boron carbide or boric acid. The 
HDPE and PP was mixed with either 0% or 1% by weight o f  the BHT and 0%, 5%, 10% 
or 20% by weight o f  the <10 micron boron carbide. The mass o f each component was 
calculated using the density to give the desired mass percent and total volume for each 
mix. A M ettler PC2200 balance was used for weighing the polym er and filler for each 
mix. Samples were loaded into the mixer via the loading chute; with half the polymer, the 
BHT, filler and rest o f polym er being added in that order.
The mixing o f each sample was controlled by the PL2000 unit and PL2000 
software attached to the Plasti-Corder®. This program controls the temperature, duration 
and speed o f the compounding operation; it also gathers and records the temperature and 
the torque which the mixing blades are experiencing giving an estimate o f the apparent 
viscosity o f the polym er system.
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Polyethylene samples were compounded for 90 minutes at 215°C at 25 RPM. 
Polypropylene samples were compounded for 30 minutes at 215°C at 85 RPM. Nylon 
samples were com pounded for 90 minutes at 225 °C at 25 RPM. Ultem® samples were 
compounded for 90 minutes at either 325 0 or 350°C at 50 RPM. The speed and duration 
o f the mix were based on prior experience and were set to achieve the same number o f 
blade rotations in each polymer. Due to the volume limitations o f the mixer, each mix 
had to be perform ed multiple times, always under the same conditions.
Once the mix was completed, the rotation o f  the blades in the mixer was 
decreased to about 3 RPM  and the unit was disassembled. The compounded polymer was 
then scraped o ff o f  the wall o f the mixing chamber and the mixing blades using a bronze 
knife. The polym er was then cooled to room temperature and stored as solid pieces.
The degree o f dispersion and identification o f potential agglomerations was 
analyzed by cryogenically cooling the filled composite pieces for 5 minutes in liquid 
nitrogen and fracturing these pieces using a ham mer on a solid steel surface. The 
resultant fragments were analyzed with a Hirox KH-3000VD High Resolution Digital- 
Video M icroscopy System and a Hitachi S-570 Scanning Electron M icroscope (SEM). 
Samples were gold/palladium sputtered with a Hummer 6.2 Sputter Coater prior to SEM 
analysis.
A Dynisco® industrial grinder was used to reduce the size o f the composite 
polymer pieces. The grinder consists o f a hopper and a rotating blade. The blade had 
close tolerances to a metal screen with holes o f 5 mm diameter. The force o f the spinning
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blade breaks the polym er pieces apart until they are small enough to pass through the 
holes in the metal screen. The polym er grind was then collected and stored for later use 
and testing.
A ceramic ball mill from U.S. Stoneware was used to reduce the particle size of 
boron carbide. Five ceramic cylindrical balls were place in the mill with 22.4 grams o f 
boron carbide with a particle size o f 20-44 microns. The mill was placed on a set o f 
rollers and the rollers were set to 60% o f the maximum speed. The mill was run for 382 
hours. Another trial using four ceramic balls with a roller speed o f 40% max was run for 
46 hours.
Polymer rheology experiments were conducted on each PP and HDPE mixture 
using a Rosand Capillary Rheom eter RH2000 with the accompanying Flowmaster™  
software. The ASTM  D 3835 -  02 Standard Test M ethod for Determ ination o f Properties 
o f  Polymeric M aterials by M eans o f a Capillary Rheom eter was followed. The barrel o f 
the rheometer was 9.5 m m  in diameter and 250 mm long. Two dies were used both 
having a capillary diameter o f 1 mm and a flat (180°) inlet angle. The lengths o f the dies 
used were 16 mm and 0.25 mm. The zero length die (0.25mm) was used in order to 
calculate the extensional properties using the Bagley correction.
M easurements were taken at four different temperatures for every ground mixture 
o f each polymer. Polyethylene samples were measured at 170°, 190°, 210° and 230° C; 
polypropylene samples at 190 °, 210 °, 230 0 and 250 °C; N ylon samples at 220 °, 240 °,
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260 0 and 280 °C. The shear rates tested were the same for each polym er and temperature; 
50, 100, 300, 600, 1000 and 1500 sec '1.
The rheom eter was allowed to reach thermal equilibrium prior to test initiation. 
The barrel was filled with the sample and the piston placed in the barrel. The sample was 
then compressed and allowed to heat for 6 minutes before the test began. After the 
preheat time the test was initiated and data were collected by the Flowmaster™  software. 
The barrel o f the rheom eter was cleaned using a cloth patch and a bronze wire brush. 
Samples were run at a particular temperature with a sequential increase o f  filler 
concentration. Cleaning was done after each 20% filler sample was run. Data analysis 
was performed using the Flowmaster™  software.
M elt spinning o f the polym er composites was performed using both a ram 
extruder and a single screw extruder.
The ram extruder was produced by Bradford University Research Ltd. The barrel 
o f the extruder was heated to 250 °C. Once the barrel was in thermal equilibrium 1 0 - 1 5  
g o f the polym er grind was added to the barrel. The ram was inserted into the barrel and 
the polymer compressed. The polym er was heated for 5 minutes before the ram was 
advanced. The ram was set to move at a rate o f about 1 mm /min which was a setting of 
10 on the extruder. The polym er was extruded through a die 0.25mm in diameter. The 
polym er was extruded vertically and directed to the take up system by two passive 
rollers. The extrudate was wound onto a spool at a constant take up speed o f either 100 or 
40 units.
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The single screw extruder was manufactured by C.W. Brabender and was driven 
by a Brabender Plasti-Corder controlled by a PL2000. The screw used had a length to 
diameter ratio o f  15:1 and a compression ratio o f 3:1. The screw was set to move at a 
speed o f 10 RPM. The extruder was heated in three zones with each zone having a 
different temperature. For the extrusion o f polyethylene the set temperatures were: 100°, 
160° and 170 °C; for polypropylene the set points were: 150°, 190° and 210 °C. Ultem® 
was extruded at temperatures o f 275°, 350° and 365 °C. A round die head was used with a 
diameter o f 2 mm. Filter screens o f size 20 mils (0.508 mm) were placed between the 
extruder and the die. Here the setup required horizontal extrusion o f the polymer. The 
extrudate was collected on a spool with a constant take up speed o f  40 units. The 
extrudate was quenched using a cross flow o f nitrogen at about 10 cm from the die and 
20 cm from the bottom o f the fiber with a pressure o f about 10 psi.
The extruded fibers were collected onto 2 inch diameter spools made from PVC 
pipe. The extruded fiber was drawn using two sets o f  godet wheels and a draw oven. The 
spool o f extruded fibers was placed on a freely rotating roller and the fiber was fed to the 
first set o f godet wheels moving at a rate o f 13 units for PP and 10 units for HDPE, the 
fiber was pulled from the spool at a constant speed and traveled through the draw oven. 
The draw oven was nitrogen purged and was heated to a temperature o f  133 °C for PP 
and 115 °C for HDPE. The fiber was then drawn by the second set o f godet wheels 
moving at a speed o f 120. The difference in speeds caused the softened polymer in the 
oven to be drawn. Each sample was drawn in the same manner, but with different godet 
wheel rates and differing temperatures for the HDPE and PP as noted.
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2.3 PHYSICAL PROPERTIES
2.3.1 Linear Density
The linear density o f each composite fiber was measured according to the ASTM 
D 1577 -  01 Standard Test M ethod for Linear Density o f Textile Fibers Option B where 
single fibers o f a precise length are weighed was used in this determination. Ten random 
fibers from each extruded or drawn mixture were cut to 100 mm in length. These fibers 
were weighed using a M ettler Toledo AT201 balance to 0.00001 g.
Prior to extrusion o f the final polymer mixes, outgassing was performed in a 
Napco E-Series M odel 5861 vacuum oven. The polym er pieces after mixing were placed 
into individual ceramic dishes and placed into a vacuum oven. A vacuum o f more than 
100 kPa was applied and the samples were heated to 125 to 150 °C for 24 hours. The 
mass o f each sample was recorded using a Mettler Toledo AT201 balance before and 
after the outgassing procedure.
2.3.2 Atomic Oxygen Exposure
The erosion o f material caused by atomic oxygen was measured. Undrawn 
Ultem® fibers w ith boron powder were run for 17 hour exposures. Each composite fiber 
o f polypropylene that had been drawn was exposed to an atomic oxygen environment for 
either three or six hours. The mass o f each fiber was measured using a M ettler Toledo 
AT201 balance. The fibers were placed onto a quartz tray and placed into the exposure 
chamber. The atomic oxygen chamber was a SPI Plasm a Prep II. The chamber was
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closed and the vacuum turned on. Once the pressure in the chamber reached about 100 
militorr/microns, the radio frequency (13.56 MHz) was turned on, generating an atomic 
oxygen plasma. Oxygen was supplied to the chamber from a tank at 5 psi. The radio 
frequency was tuned to provide the maximum plasma and left to run for the duration o f 
the experiment.
2.3.3 Therm ogravim etric Analysis
Mass loss o f filled Ultem® at elevated temperatures under a nitrogen environment 
was determined using a Shimadzu TGA-50 Thermogravimetric Analyer. Fibers were cut 
with a razor blade into small pieces that would fit into the sample pan. They were then 
placed into the pan until a mass o f about 1 Omg was reached. The furnace was then 
closed; the heating program  created for use in this project was run. The sample was 
heated to 110 °C at 20°C/min, held for 1 hour to remove moisture from the sample. It was 
then ramped to 400 °C at 12 °C/min and held for 5 minutes. The sample was heated at a 
rate o f  2 °C/min to 600 °C for sample degradation and data collection. The sample was 
charred at 800 °C by ramping at 50 °C/min and the furnace was then cooled to room 
temperature.
These data were later analyzed and temperatures where 5% and 10% mass loss 
occurred were displayed and recorded. The TGA data tells about the resistance to thermal 
degradation.
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2.3.4 Tensile Testing
Tensile testing was performed using an Instron 5848 M icroTester with 
accompanying Bluehill 2.2 software. Initially the ASTM D3379 High-M odulus Single -  
Filament Test protocol was used for the Ultem® samples. The diameter o f each fiber to 
be tested was determined using a microscope and a digital micrometer. The gauge length 
between the clamps was 12.5 mm and a constant rate o f extension o f either 1.27 or 3.17 
mm /min was set on the test frame.
Later the ASTM  D 3822 -  01 Standard test M ethod for Tensile Properties o f 
Single Textile Fibers was followed for all other samples. For each composite mixture 20 
fiber samples were randomly tested. The gauge length between the clamps was 25mm 
and a constant rate o f  extension o f 60 mm/min was set on the test frame, as per ASTM 
recommendations. A 1 kN Instron static load cell was positioned at one end o f the test 
frame. The fiber was placed vertically in rubber padded clamps and secured, the test was 
then begun. The test was run until the sample broke or the limits o f the test frame were 
exceeded. After the test was run the sample was removed and the grips were returned to 
the gauge length. The next sample was placed in the grips and the test run again. The 
Bluehill software perform ed all the necessary calculations using the linear density and 
values measured during testing. Tensile testing was performed on drawn and undrawn 
fibers o f each polypropylene composite and on drawn fibers that experienced neutron 
exposure.
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2.4 W EAVING
Drawn polypropylene fibers with 1% wt. BHT and fibers with 20% wt. 10Boron 
carbide and 1% wt. BHT were delivered to Dr. James W atson at North Carolina State 
University in the Textile Engineering, Chemistry and Science department. These two 
fiber samples were w oven with a plain weave on a Bonas Varitex Needle Loom.
The fabric was woven as tightly as possible with a plain weave on a Bonas 
Varitex N eedle Loom. The fabric was constructed with 90 warp ends per inch (35.4 warp 
ends per cm) and 34 weft picks per inch (13.4 weft ends per cm). The warp was drawn 
into the reed 2 ends per dent using a 45 dents per inch reed. The l% w t. BHT sample was 
woven into a 85 mm by 183 cm cloth and the boron carbide sample was woven into a 85 
mm by 92 cm cloth.
2.5 NEUTRON EXPOSURE
N eutron attenuation studies were performed by adapting the procedure from the 
secondary standard foil technique for indium (ASTM  E 262 -  03 Standard Test Method 
for Determining Thermal Neutron Reaction and Fluence Rates by Radioactivation 
Techniques). The ASTM  standard was not followed, as this study was comparing relative 
activation o f the Indium rather than obtaining a quantitative activation count. This 
allowed us to avoid calibrating and characterizing the neutron source and the Indium foil.
A one curie Am/Be neutron source is available at the NASA Langley Research 
Center. The stainless-steel encapsulated source was placed in a hole drilled in a 6 inch 
diameter by 7.5 inch high cylinder o f polyethylene. W hile the source is small, 
preliminary work has shown that an adequate count rate can be achieved by leaving the
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sample exposed overnight at which time the maximum equilibrium count rate, called 
saturation, is attained. Indium foil 0.5 mm thick and 99.999% pure was obtained from 
Goodfellow Corporation. A circle 32 mm in diameter was used. The fabric was wrapped 
around the indium foil so that either one or two layers o f the cloth covered the indium. 
This was done due to the openness o f the weave in the fabric. The fabric was secured in 
this arrangement w ith tape and then secured to the neutron source for between 1160 and 
1180 minutes allowing for saturation o f the indium foil. A small end-window Geiger 
counter with a digital scalar/timer (The Nucleus Model 500) was used to determine the p 
decay o f the activated indium foil. Two-minute counts o f the activated indium foil were 
performed at five-minute intervals for 155 minutes at a distance o f  5 mm from the 
window o f the Geiger tube. The time between the removal o f the sample from the neutron 
source and the first activity count was recorded, for extrapolation to determine the 
activity at saturation.
Prior to removal o f  the sample from the neutron source the Geiger counter was 
turned on and checked. A line count was performed measuring the frequency o f the 
electrical current in the counter. A standard P TI-204 lpC i T 1/2 3.6 yrs source that was 
provided with the counter was used to ensure the proper operation o f the Geiger tube and 
the counter. A  background count was performed and this was subtracted from the counts 
o f the indium activity.
Drawn polypropylene fibers o f each composite were m ounted in strips and 
secured to the m oderated neutron source. The fibers were exposed for 1180 minutes and 
then removed. The fibers were then tensile tested using the same tensile testing procedure 
as above.
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CHAPTER 3. 
RESULTS AND DISCUSSION
3.1 Filled Ultem® Data
Initially, the polyetherimide, Ultem® 1000, registered to the General Electric 
Company, was used to verify the method. The physical properties o f Ultem® along with 
the param eters for making fibers o f the polym er are well known. Samples o f  Ultem®, 
were com pounded with three different fillers: boron powder, boric acid, and boron 
carbide powder as described above. It is possible to calculate the appropriate speed for 
achieving a rough shear rate based on the dimensions o f the mixer and blades, with most 
mixes being between 50 -  60 RPM. The shear rate was calculated to be 185 sec '1 for the 
Ultem®. The apparent viscosity was calculated to be about 22,000 poise for Ultem®.
Completeness o f mixing was verified by examining the torque vs. time curve 
prior to the m ixing being stopped, an example curve is shown in Figure 35. All mixes 
generated curves with an increase o f torque when the polymer was added, followed by a 
decrease to a minim um  as the polymer is melted and a gradual increase to a maximum as 
the filler is being incorporated and finally a decrease to a constant value once dispersion 
is achieved. Due to the large number o f mixes performed, these data were not recorded, 
but were used as verification for the set parameters during sample preparation.
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Figure 35 Torque vs. time curve during compounding for Ultem® with 1% Boron Carbide filler.
The temperature for compounding was determined roughly by adding 50 °C to the 
melting point o f  the polymer, based on prior success by the lab technician. Similarly the 
speed and duration o f the mix were based on prior experience and were set to achieve the
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same number o f blade rotations for each polymer, with the exception o f Ultem® which 
had twice the number o f blade rotations due to another experiment in progress.
Dispersion analysis o f the 10% wt. filled polymers was performed by the 
procedure above. It was thought that, as in mineralogy and metallurgy, any defect in the 
polymer, such as an agglomeration or a filler particle, would cause a weak area thus 
being an initiation point for fracture when the material was subjected to an impact stress. 
Under the scanning electron microscope, filler particles were often difficult to discern 
and did not appear to be initiation sites for fracture. The dispersion o f filler in most o f the 
samples appeared to be good, Figure 36.
Agglomerations were identified in the Ultem® 10% wt. boric acid samples, as 
seen in Figure 37. Agglomerations were designated as particles larger than the size o f the 
stock filler particles.
1 3 3 3 3 6  1 5 K V X 1 . 0 0 K  3 6 u m
Figure 36 Polypropylene 10% Boron Carbide 
filler SEM image 600x.
Figure 37 Ultem® 10% Boric acid filler SEM 
image lOOOx.
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From Figure 38, we see that the interfacial adhesion o f the B 4 C in the Ultem® 
samples seemed to be very poor, there appeared to be voids in the polym er where the 
filler particles were located. The bonding o f the polymer to the filler was poor. Some air 
voids appeared in some o f the samples, seen in Appendix 4, however these were large 
and due likely to the process o f mixing and not characteristic o f  the filled system. On 
high magnification, the Ultem® with 10% boric acid looked to be very porous, and not 
solid like all the other samples, containing a large amount o f micro bubbles, seen in 
Figure 39. This is thought to be due to the decomposition o f the boric acid during 
compounding.
Figure 38 Ultem® 10% Boron Carbide Filler Figure 39 Ultem® 10% Boric Acid filler 
SEM image lOOOx, poor bonding of filler. SEM image 1080x, micro bubbles.
The boron-filled Ultem® polymer was then extruded into fibers with a C.W. 
Brabender single screw extruder as described above.
M easurements were made o f some o f the physical properties o f the boron- 
containing polym er fibers to test the effect o f the filler on the polymer.
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Thermogravimetric Analysis (TGA) o f the Ultem® filled polym er was performed to look 
at its thermal stability. The temperatures o f 5% and 10% mass loss were compared 
among filled Ultem® samples. Figure 40 shows the typical mass loss curve o f filled 
Ultem® polymer.
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Figure 40 TGA mass loss curve of Ultem® with 1% boron powder Filler.
As seen in Figure 41 the temperature at both 5 and 10% mass loss increase with 
increasing boron pow der filler concentration. This nearly linear mass loss relationship, in 
the graph, suggests that the filler is diluting the polym er and the increase in temperature 
for degradation is due to the greater quantity o f the inert boron pow der rather than 
changes in the therm al stability o f the polymer. Further TGA analysis on the other 
polymers was not perform ed as the data obtained was limited in usefulness for this 
project.
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Figure 41 TGA of Ultem® with varying Boron Powder Filling Levels.
Tensile analysis was performed using an Instron® tensile tester using the ASTM 
D3379 High-M odulus Single-Filam ent Test protocol as described above. Twenty 
samples o f each fiber were tested to ensure accuracy o f results. Occasionally the fiber 
slipped in the grips or the fiber broke in the grips. In these cases, the data were excluded; 
additionally the data were analyzed for outliers at a 90% confidence interval. The 
Ultem® samples were only extruded, they were not drawn, and thus the reported values 
are lower than possible maximal filament values. These samples yielded during tensile 
testing, i.e., they stretched by necking until the limit o f the instrum ent was reached.
As seen in Figure 42, the filled samples o f boron powder and boric acid in 
Ultem® showed increasing tensile strengths with increasing weight percent o f filler up to
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5%, compared to that o f the unfilled Ultem®. Samples beyond 5% o f boron powder were 
not tested. The tensile strength o f Ultem® with 10% boric acid continued to follow the 
increasing trend, however at the 20% filling level the strength decreased, approaching 
that o f the Ultem® with 1% filling. The tensile strength o f the boron carbide filled 
Ultem® decreased gradually from 1 % to 20% filler level and went below the tensile 
strength o f  the pure Ultem® polymer at 5% filling.
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Figure 42 Tensile strength in filled Ultem® fibers.
The elongation in the filled Ultem® samples was less than that o f the pure 
polymer; this can be seen in Figure 43. The elongation decreased in both the boron 
powder and boron carbide filled samples. The boric acid filled samples varied 
considerably at low filling levels and then remained about constant from 5% filling and
81
above. The boron carbide filled polymer had a much lower elongation than the other 
filled samples.
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Figure 43 Percent elongation in filled Ultem® fibers.
The modulus o f  the boron powder filled Ultem® samples increased with 
increasing filling level, compared to that o f the unfilled Ultem®, as shown in Figure 44. 
The boric acid and boron carbide samples initially had moduli lower than that o f  pure 
Ultem® but beyond the 5% filling level they showed an increase in modulus to above 
that o f pure Ultem® at 20% filling level.
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Figure 44 Elongation Modulus in filled Ultem® fibers.
There were different trends for toughness or energy at m axim um  load with each 
filler type. The boric acid filled samples had a toughness less than that o f the unfilled 
Ultem® but the toughness essentially did not change with increasing filler levels. The 
boron powder filled Ultem® samples were tougher than the pure polym er and showed an 
increase in energy up to the 3% filling level. The boron carbide filled polym er showed a 
trend o f decreasing toughness with increasing filler concentration. These trends are seen 
in Figure 45.
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Figure 45 Toughness of filled Ultem® fibers.
The Ultem® fibers made were not suitable for weaving. They were too large in 
diameter and not strong enough to be woven on a loom. This is likely due to the 
amorphous character o f  Ultem®. Further research on the subject o f  fiber spinning 
revealed that a com mon practice in industrial fiber production is drawing the fiber to 
orient the polym er chains, thereby increasing the strength. This process was pursued in 
later research. Although, it is questionable if  this process would be useful for Ultem® as 
it is a non-crystalline polymer.
3.2 Filled Polyolefin Data
Due to difficulties with filled Ultem® fiber formation, we switched to different 
polymers, ones well established in the textile field and ones containing a large proportion
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of hydrogen; isotactic polypropylene (PP), high-density polyethylene (HDPE), and nylon 
6/12. The boron compounds initially considered for this project included boron powder, 
boron whiskers, boric acid and boron carbide. Boric acid was considered because it 
could be obtained with high enrichment in 10B at a modest cost. However as seen in the 
Ultem® mixes, it dehydrated during the melt mixing process forming bubbles in the 
mixture and casting doubt on the actual amount o f boron in the fiber. The boron carbide 
whiskers were not pursued as the aspect ratio o f these fillers is large and in a fiber 
application would greatly limit the diameter and stability. Additionally, preliminary work 
extruding Ultem® with the whiskers caused the extruder die to clog. No supplier of 
enriched 10B pow der could be found. Further research focused on using boron carbide 
powder, particularly enriched 10B 4 C.
After the work with Ultem® it was determined that the use o f an antioxidant 
would be beneficial to the polym er processing operation and would likely help maintain 
the polym er’s m olecular weight and hence strength during processing. The hindered 
phenol, BHT was used as an antioxidant and its effect on the polym er processing was 
tested.
The same mixer as used for processing Ultem® was used for compounding o f the 
HDPE and PP samples. The shear rate was calculated to be 93 sec '1 for the polyethylene 
and nylon mixes, while it was 315 sec '1, for the polypropylene mixes. The apparent 
viscosity was calculated to be about 3,000 poise for the polyethylene mixes and about 
4,000 poise for the polypropylene. This data was not calculated for the nylon as only a 
few mixes were perform ed prior to the discontinuing the use o f  this polym er in this 
project.
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Extrusion using a ram extruder was initially performed. Pure HDPE samples were 
extruded and taken up at a constant rate o f speed without difficulty. However, when filled 
samples, such as 5% boron carbide in HDPE, were run, the extrudate fiber was very fine 
and contained numerous gellations which caused the fiber to break during the take-up 
process. Initially it was determined that the B 4 C filler particles (20-44 micrometers) were 
being filtered out o f  the polym er by the 10 mil mesh screen (25 micrometers) used to 
remove gellations and unm ixed particles which could damage the die. This caused a 
reduction o f flow o f  m olten polymer as filler particles clogged the filter.
Ball m illing o f 20-44 micrometer boron carbide powder was attempted using a 
ceramic container with ceramic balls, to reduce the particle size. However after two trials 
using different rotational speeds and durations, it appeared that the boron carbide was 
eroding the container and balls. After the first trial o f 382 hours the black boron carbide 
gained 6.32 g and appeared grey in color. The milling balls were no longer cylindrical 
and appeared irregularly shaped. Similar results were seen with the second trial despite a 
slower speed and shorter duration. The mass increased by 0.896 g and was dark grey in 
color. Further m illing studies and particle reduction attempts were discontinued. The 
hardness o f  boron carbide prevents the use o f com mon filler particle reduction 
techniques, thus boron carbide was purchased at a particle size suitable for use as 
received.
Boron carbide was purchased with a particle size o f <10 micrometers and was 
used in the ram extrusion process and for the remaining experiments. HDPE with 5% 
boron carbide < 1 0  m icrometers was ram extruded with the resultant fibers still being too
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thin and containing many gellations. Slowing the take-up and ram speed produced a 
thicker fiber however the gellations in the polymer remained a problem. The same 
situation was encountered with the 10% boron carbide <10 micrometers filled HDPE in 
the ram extruder. This process was discontinued and screw extrusion was pursued. It is 
thought that the static residence time o f the polymer in the ram extruder caused extensive 
degradation o f the polym er causing the formation o f low M w gellations.
Prior to screw extrusion, dispersion analysis was performed as described 
previously. Agglomerations o f  about 50 micrometers were identified by SEM in the 
5%wt. <10 micron boron carbide in polyethylene, seen in Figure 46.
Figure 46 Agglomerations in Polyethylene with 5% Boron carbide Filler
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Adhesion between the filler particles in HDPE, PP and nylon appeared to be 
good. High-powered optical Hirox microscope characterization was also performed. 
Fracture surfaces o f the nylon, PP and HDPE all showed some small areas where there 
was incomplete mixing, seen in Figure 47. However this was not thought to be a problem 
as additional mixing occurs in the single screw extruder. It is difficult to identify many 
agglomerations on the surface o f the fractured samples so it was concluded that 
agglomerations were not a major problem in these polymers with <10 micrometer boron 
carbide powder.
Figure 47 HiRox optical image of polyethylene with 10% boron carbide (700x).
3.2.1 Capillary Rheology
Rheological studies were performed on neat nylon, HDPE and PP. Ultem® was 
not characterized because rheological studies were done after it was eliminated as a 
possible fiber material. Because o f the difficulty extruding suitable fibers for weaving 
with Ultem®, it was thought that having a better understanding o f the extrusion 
parameters that affect the product, such as shear rate and viscosity, would allow for better 
control and the successful production o f suitably strong fibers. Since polyolefins have 
been successfully processed into fibers for decades it was thought that these materials 
would be a good place to test the role o f boron compounds as fillers for neutron 
shielding. The rheological studies on the nylon proved to be difficult due to the moisture 
absorbing character o f  nylons. The capillary test barrel was difficult to load with nylon 
because absorbed moisture vaporized forcing the polymer pellets up out o f  the barrel. 
Drying the nylon in an oven before loading decreased this problem, however due to this 
added step and processing differences from the polyolefins the continued investigation o f 
nylon in this application was abandoned. Rheological tests were performed on each 
composition o f both the HDPE and PP mixes.
From the capillary rheometer tests, we confirmed the trends associated with 
increasing shear rates, increasing temperature and polym er filling on the shear viscosity. 
In Figures 48 and 49 for neat HDPE and neat PP, respectively, we see, from the negative 
slope, that the shear viscosity decreases as shear rate increases. Additionally, as the 
temperature increases the shear viscosity generally decreases.
For ease o f  data storage a code was used to identify various mixtures. It is shown 
in Table 1, below.
89
C ode Polym er B oron C arb id e  
W eight %
B H T  W eight %
PE00 Polyethylene 0 0
PE01 Polyethylene 0 1
PE51 Polyethylene 5 1
PE 100 Polyethylene 10
PE101 Polyethylene 10 1
PE201 Polyethylene 20 1
PPOO Polypropylene 0
PP01 Polypropylene 0 1
PP51 Polypropylene 5 1
PP100 Polypropylene 10
PP101 Polypropylene 10 1
PP201 Polypropylene 20 1
Table 1 Coding of mixed polymer samples.
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Figure 48 Effect of temperature on shear viscosity in neat high density polyethylene.
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Figure 49 Effect of temperature on shear viscosity in neat polypropylene.
For each tem perature tested an increase in filler level usually caused an increase 
in the shear viscosity as seen in Figure 50 o f HDPE at 170 °C.
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Figure 50 Effect of boron carbide filler level on shear viscosity in HDPE at 170°C.
In both the P E I01 and PE201 sample graphs, in Appendix I, the change in 
viscosity between 170° -190 °C and between 210° - 230 °C was smaller than anticipated. 
Some deviations from the temperature trend are seen in the PE 51 sample where the shear 
viscosity did decrease from 170 °C but it did not change much between 190° - 230°C. 
Also at 210 °C and 230 °C the PE51 sample has a marginally higher viscosity than the 
other samples, which doesn’t follow the trend with increasing filling levels. At the lower 
temperatures, PE51 falls in line between the PE01 and P E I01 as expected, seen in 
Appendix I.
W ith increasing filler concentration the shear viscosity increases as expected in 
the HDPE samples, however there are some anomalies. At all the temperatures tested, the 
PE 100 and PE201 samples have very similar viscosity values, which is unexpected.
92
Both the PP01 and PP51 samples had much lower shear viscosities at 250 °C than 
at the other temperatures, seen in Appendix I. The P P 51 did not show a clear trend with 
respect to temperature; the highest viscosity was at 230 °C with 250 °C having the lowest. 
At 190 °C the change in shear viscosity with rate was greater than the other temperatures, 
for the PP51. At 230 °C the PP51 sample had a slightly greater viscosity than the PP101 
sample, which is unexpected as the trend with all other tests has shown that increasing 
filler level increases the viscosity, additionally the slope o f the P P 51 curve was less than 
that o f the other samples at that temperature.
The PP100 sample shear viscosity at 190 °C was much greater than at the other
temperatures and it also had a greater slope than the other temperatures, Figure 51.
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Figure 51 Effect of temperature on shear viscosity in polypropylene with 10% boron carbide filler.
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As seen in Figure 52 at 210 °C the PP201 sample had a higher viscosity than the 
other samples as expected, however the PP100 sample had the lowest viscosity across all 
temperatures, this is due to thermal degradation o f the polym er during processing as it 
contained no BHT thus it was more susceptible to the effects o f free radicals generated
during processing.
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Figure 52 Effect of boron carbide filling level in polypropylene on shear viscosity at 210° C.
The extensional viscosity data calculated with the Bagley correction as described 
above appear to follow the general trends as reported in the literature. As the extension 
rate increases the extensional viscosity decreased as predicted in all samples. The 
addition o f filler generally increased the extensional viscosity in both the HDPE and PP 
filled samples as predicted but only at low extension rates (<100/s) and high temperatures 
( 210 0 -  230 °C) for HDPE samples.
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Extensional viscosity data o f PEOO showed a large difference between the 
temperatures o f 170° - 190 °C and that o f the 210° -  230 °C temperatures, as shown in 
Figure 53. The extensional viscosity is much lower at the higher temperatures and the 
rate o f extension is also higher. This equates to a lower die swell at the higher 
temperature and greater throughput o f polymer.
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Figure 53 Extensional properties of neat polyethylene at different temperatures.
The extensional viscosity o f the filled HDPE samples all displayed a similar trend 
with increasing extension rate. A t lower temperatures and low rates o f  extension the 
extensional viscosity was lower than that o f higher temperatures. As the rate o f extension 
increased, the samples at higher temperatures experienced lower extensional viscosities 
than samples at lower temperatures, as seen in Figure 54. That is the higher the 
temperature the greater the extensional viscosity changes with increasing extension rate.
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Figure 54 Extension graph of polyethylene with 20% boron carbide and 1% BHT fdlers at two 
different temperatures.
At low  temperatures (170° -190 °C) filled HDPE samples had a lower extensional 
viscosity and a greater extension rate than the unfilled HDPE. Also the presence o f BHT 
seems to lower the extensional viscosity in all HDPE samples, seen in Figure 55. At 
higher temperatures (210° -230 °C) the extensional properties o f filled HDPE are difficult 
to determine from the graphs, in Appendix I.
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Figure 55 Effect of BHT on extensional properties in two samples of polyethylene at 190 °C.
In the PP filled samples there is generally a decrease in extensional viscosity with 
increasing temperature, seen in Figure 56. At low extension rates (<80/s) however there 
are some samples (with low filling levels, 0 and 5%) that exhibit higher extensional 
viscosities with lower temperatures and then as the extension rate is increased it follows 
the expected trend, seen in Figure 57 for PP51.
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Figure 56 Effect of temperature on extensional viscosity of polypropylene with 10% boron carbide
and 1% BHT fillers.
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Figure 57 Effect of temperature on extensional viscosity of polypropylene with 5% boron carbide
filler with 1% BHT.
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The PP 100 samples experienced a greater range o f  extension rates and viscosities 
than the other samples at all temperatures. The other filled samples seemed to have very 
similar extensional viscosities at all temperatures tested. There were some variations in 
slopes and viscosities between the filled samples; however there was no apparent trend 
with increasing filler concentration.
3.2.2 Fiber Processing
Outgassing o f the HDPE and PP mixtures was performed as described above prior 
to the extrusion processing. These polymers were not expected to outgas significantly, 
but this procedure was done under the advice o f  Dennis W orking to reduce the chance o f 
trapped gas being evolved during the extrusion process. The mass o f each sample was 
measured before and after the process. As seen in Table 2, the total mass loss was 
between 0.03% and 0.55% with an average mass loss o f 0.13%. The values are greater 
than the actual mass loss from outgassing, due to material loss during transfer. The 
presence o f static electricity during transfer o f the ground polym er caused some 
difficulties in complete transfer o f material from the holding dish to the balance.
99
Mass (g) TML
Polymer % B4C % BHT Before After Difference % loss
Polyethylene - - 63.3318 63.2957 0.03615 0.05708
Polyethylene 0 0 55.4176 55.3922 0.02537 0.04578
Polyethylene 0 1 56.9639 56.904 0.05988 0.10512
Polyethylene 5 1 60.8833 60.7548 0.12845 0.21098
Polyethylene 10 63.4417 63.4038 0.03793 0.05979
Polyethylene 10 1 62.4366 62.2449 0.19167 0.30698
Polyethylene 20 1 67.8712 67.7437 0.12744 0.18777
Polypropylene - 60.9826 60.948 0.03466 0.05684
Polypropylene 0 57.6131 57.5643 0.04876 0.08463
Polypropylene 0 1 55.2074 55.1933 0.01408 0.0255
Polypropylene 5 1 59.7465 59.7297 0.01679 0.0281
Polypropylene 10 59.6886 59.6292 0.05937 0.09947
Polypropylene 10 1 60.6766 60.6368 0.03984 0.06566
Polypropylene 20 61.5084 61.4817 0.02676 0.04351
Polypropylene 0 1 149.57 148.74 0.83 0.55492
Polypropylene 20 1 164.31 164.16 0.15 0.09129
Table 2 Outgassing data showing Total Mass Loss (TML).
The extrusion o f  nylon, HDPE and PP was performed with the C.W. Brabender 
extruder as described above. The heating zones were assigned based on prior experience 
and system design. Zone one was set at a temperature below the polymers melting point 
deliberately, to soften the polymer, so that the feed area would not have melted polymer 
on the screw w hich would interrupt the necessary uniform feeding o f the polymer into the 
extruder. The second zone was set to a temperature slightly above the melting point o f the 
polymer to cause fusion o f the polymer. The temperature o f the die was set slightly 
higher than zone two in order to maintain a stable flow. This enables the polymer to 
maintain its viscosity as the shear rate from the screw is dropped. This also decreased the 
likelihood o f melt fracture and decreases extrudate swell. It allowed for a greater 
throughput. These param eters were determined by analysis o f the capillary rheology
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measurements. The extrudate was cross air quenched after exiting the die to initiate 
crystallization o f the fiber.
Initially the optimal screw speed parameter was not known, and thus some trials 
were run to determine the ideal speed. It was later determined that the optimal screw 
speed could have been calculated to provide a certain shear rate. An initial rate o f 4 RPM 
was selected. This produced a fiber that was too fine and experienced melt fracture as it 
was being taken up. The polym er throughput was not sufficient for fiber formation. After 
testing 8, 10, 15 and 25 RPM  at 190 °C it was determined that 10 RPM  created stable 
fibers. At 25 RPM  the throughput was too high and the fibers fused together as they were 
being taken up. Finally it was decided that the die temperature should be set to 170 °C for 
HDPE and 210 °C for PP and the screw speed was set to 10 RPM , generating more shear 
and decreasing the viscosity which in turn decreases the extrudate swell, decreasing the 
occurrence o f melt fracture. The take-up speed was set between 40 and 50 units, which 
provided enough tension to prevent the extrudate from sagging as horizontal extrusion 
was performed.
The drawing o f the extruded fibers was conducted using two godet wheels and a 
nitrogen purged draw oven as described earlier. The param eters for drawing the fibers 
were not known so they were determined through a series o f trials. The temperature o f 
the oven had to be above the melting point o f the polym er and the speed o f the second set 
o f godet wheels had to be faster than the first. Initially various temperatures for drawing 
HDPE were tested without much success. As expected, at too high a temperature the 
fibers melted inside the oven, while at too low a temperature, parts o f the fiber were
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drawn but not others. Since the differential in speed between the two godet wheels 
determines the draw ratio and that temperature effects the softening o f the filament to 
allow drawing, it was determined that the residence time o f the fiber in the oven would 
have a greater effect on the quality and success o f the drawing operation. The speed o f 
the first set o f godet wheels was reduced to about 13 while the second set was run at a 
speed o f 120. PP fibers were successfully drawn using these parameters. Before and after 
the drawing procedure the linear density o f the fibers was calculated as described above. 
Based on linear density measurements for filled fibers, the draw ratio was between four 
and eight times the initial linear density, as seen in Table 3. For the fibers w ith the 
antioxidant, BHT, the draw ratio was between four and six. Despite the successful 
drawing o f  all the PP samples there was less success with the HDPE samples. The 
drawing o f  the HDPE samples was discontinued due to inconsistencies in the extrudate 
filaments causing the drawing line to break repeatedly. These inconsistencies were 
determined to be gellations from degraded polymer which were incorporate into the fiber 
during extrusion.
Sample Undrawn Drawn Ratio
PP00 1111 180 6.17
PP01 1097 216 5.08
PP51 1233 210 5.87
PP100 924 123 7.51
PP101 1144 221 5.18
PP201 989 233 4.24
Table 3 Linear density (dtex) measurements showing draw ratio for filled polypropylene fibers.
One particularly interesting problem encountered while drawing the boron carbide 
fibers was a cutting action o f the fibers. The guide that wound the fibers around the final 
spool on the take-up system was cut by the fiber as it traveled along it. Eventually it
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would cut into the guide material to the point where the fiber would break because the 
guide slot got too narrow. Several attempts to avoid this occurrence were fruitless. Using 
a stainless steel needle eye failed as the fiber cut into the steel as well. The use o f a 
ceramic guide worked for a longer period o f time but it too was cut by the boron carbide 
in the fibers. This is a significant issue for commercial fiber production. The wear on the 
processing equipment would limit the amount o f material produced and increase the cost 
o f production. This issue was relayed to Dr. James W atson at NC State University who 
was performing the weaving o f the fibers. After the weaving was completed, he notified 
me that the fibers had actually damaged parts o f the weaving machine due to their 
abrasiveness. Images o f the filled fibers surface show some surface roughness as seen in 
Figure 58.
Figure 58 Surface roughness in drawn polypropylene fiber with 20% B4C, SEM 300x.
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For tensile testing and weaving calculations, it was necessary to determine the 
linear density o f  both the drawn and undrawn PP fibers, as seen in Table 3 above. The 
procedure o f this was described above. The linear density o f the undrawn fibers was 
roughly constant w ith an average o f 1091 dtex and a standard deviation o f 115 dtex. The 
linear density o f the drawn fibers was lower as expected, however; the PP100 mixture 
had a much lower linear density than the others. This is an indication that the fiber is 
finer, which is likely due to a decreased viscosity at extrusion due to degradation 
decreasing the molecular weight o f the polymer. The undrawn PP100 linear density is 
mildly depressed. The resultant M w difference is magnified during drawing as the 
extensibility is greater so it is able to form a finer fiber under the same conditions.
3.3 Atomic Oxygen Exposure Results
The filled PP and Ultem® samples were exposed to atomic oxygen (AO) to 
determine the effect o f the filling on the polymer erosion. This exposure simulates the 
AO environment at low earth orbit (LEO) in an accelerated manner. Ultem® fibers with 
0%, 1%, 3% and 5% boron powder were exposed to AO for 17 hours in six trials. As 
seen in Figure 59, the percent mass loss decreases non-linearly, with increasing filler 
concentration. This suggests some protective effect against AO erosion. If  the percent 
mass loss were linear with respect to filler level, then one may suspect that the decrease is 
due to a decrease in polym er available for erosion with increasing filler level due to 
dilution or displacement. There may be a production o f  boron oxide on the fiber surface 
forming a protective layer, inhibiting further erosion. Future work could focus on an 
SEM study o f exposed fibers to see if  the polymer has been eroded around the boron
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filler particles. If  this were the case, one would suspect the surface to be studded with 
filler particles as the polym er around it has been eroded.
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Figure 59 Percent mass loss in Ultem® fibers filled with boron powder exposed to atomic oxygen 
for 17 hours.
The PP fibers were exposed to AO in a new SPI Plasm a Prep instrument. The 
fluence o f  AO was estimated using a piece o f Kapton® with a known area. Using the 
mass loss after exposure and the known erosion rate o f Kapton® (3E-24 cm /atom) the 
fluence o f  AO was calculated, as shown in Figure 26 previously. This was not performed 
with the Ultem® samples so a comparison between the PP and Ultem® samples cannot 
be reliably made as the fluence o f AO in the Ultem® samples is unknown.
20At an exposure o f  three hours and a fluence o f  approxim ately 2.87 X 10 
atoms/cm2 the percent mass loss o f the filled samples o f PP was between 52 and 65 
percent. There was no trend seen with increasing filler level as seen in Figure 60. With
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20 2exposures o f 6 hours duration and about 5.74 X 10 atoms/cm fluence there was almost 
nothing left o f the fibers. W hat did remain could not be weighed due to the disintegration 
o f the sample upon grasping with forceps. This may be a result o f the large surface area 
o f fine fibers.
PP fibers with boron carbide were scheduled to be part o f  a N ASA mission called 
Materials on the International Space Station Experiment (MISSE). Based on this 
determination, it was decided that these experimental fibers would not be used since they 
would be exposed to the effects o f AO and the radiations from space and would not likely 
survive the one year mission. W hile the erosion o f the PP may be different in outer space 
than in the accelerated simulated environment, the rapid degradation o f the fibers on
Earth suggested that their performance in space would be highly questionable.
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Figure 60 Percent mass loss of polypropylene fibers filled with boron carbide exposed to atomic 
oxygen for 3 hours.
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3.4 Tensile Testing Results
Fibers o f  PP were made with natural boron carbide at varying percent 
compositions to determine the feasibility and the proper processing parameters. After the 
parameters were known, test samples were made and sent to North Carolina State 
University to determine if  they would be suitable for weaving into a fabric. During this 
time preliminary tensile test data were obtained, on a small sample size, 5 from each 
mixture o f drawn PP fibers, to characterize their physical properties. After learning that 
all o f the fibers were sufficiently strong for weaving it was decided that the fibers with 
the enriched boron carbide at 20% wt. filling would be made to be woven. The physical 
properties o f  this highly filled fiber were not greatly compromised. The tensile strength, 
load at break, tenacity and percent elongation were slightly depressed, however it was not 
significantly lower than the 10% wt. filled sample as shown in Figure 61 for tensile 
strength. It was decided that the shielding advantage gained by the increased 
concentration o f  the boron carbide would offset the marginal decrease in physical 
properties. Due to financial constraints, only two polypropylene samples were woven; an 
unfilled reference sample, and a filled sample with 20%wt. 10B4 C; each containing l% w t. 
BHT.
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Figure 61 Preliminary tensile strength in boron carbide filled polypropylene fibers.
After com prehensive tensile testing with twenty samples o f each mixture, a 
thorough analysis was performed. The tensile data were analyzed using the statistics 
software SPSS 15. Outliers were determined using the Exploratory Data Analysis (EDA) 
command and outliers were considered values that were beyond 1.5 times the 
interquartile range. Test samples that contained an outlying datum were removed from 
further analysis. These outliers were examined and it was determined that most erroneous 
values were far-off the m ean due to experimental errors, i.e., the sample slipping during 
testing or due to variations in the actual linear densities o f samples, where an average was 
used for the calculation o f the results.
The effect o f BHT, an antioxidant additive, on the physical properties o f drawn 
polypropylene fibers was compared in two samples; neat PP and PP with 10% boron
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carbide. The presence o f BHT in the polymer increased the modulus, tensile strength and 
tenacity at break significantly. The effect o f BHT on tensile strength is shown in Figure 
62. Alternatively, the percent elongation in these samples was decreased. This shows that 
the protective effect o f  BHT is substantial and important to the successful processing o f 
polymer fibers and protection o f its physical properties.
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Figure 62 Effect of BHT on tensile strength of polypropylene fibers.
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The presence o f boron carbide caused a decrease o f about half in the modulus 
compared to unfilled samples with no trend as boron carbide concentration increased, 
Figure 63.
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Figure 63 Effect of boron carbide Filler on the modulus of polypropylene fibers.
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The boron carbide also decreased the tenacity at break o f the filled fibers. The 
tensile strength was decreased slightly with no big difference between filling levels, as 
seen in Figure 64.
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Figure 64 Effect of boron carbide filler on tensile strength in polypropylene Fibers with 1% BHT.
The toughness o f  the filled polymers, Figure 65, and percent elongation, Figure 
66, increased with the five percent filling level requiring much greater energy for 
breaking than the other filing levels.
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Figure 65 Toughness of filled polypropylene.
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Figure 66 Percent elongation of Filled polypropylene fibers.
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Drawn fibers were exposed to neutron radiation for 19.5 hours and then tensile 
tested to see the effect o f radiation on the physical properties o f the fibers. The effect of 
radiation on the properties tested was small but consistent. The modulus, tensile strength 
and tenacity all decreased with the elongation increasing, as shown in Figures 67 and 68.
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Figure 67 Effect of neutron exposure on tensile strength of boron carbide filled polypropylene 
fibers.
□  No Neutron Exposure 
B  Neutron Exposure
0 5 10 20
W eight Percent of Boron Carbide
Figure 68 Effect of Neutron exposure on percent elongation of boron carbide filled polypropylene 
fibers.
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There was a large difference seen in the degree o f property change between the 
unfilled polym er (0% B4 C) and the boron filled polymer. The unfilled polymer 
experienced a far greater change in physical properties with neutron exposure than the 
filled polymers, seen in Figure 69. It appears that the presence o f  boron carbide in the 
polymer protects it from radiation degradation.
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Figure 69 Effect of neutron exposure on modulus of boron carbide Fdled polypropylene Fibers.
This is not unexpected as the presence o f boron physically reduces the fluence o f 
neutrons through the material, however there was some concern regarding the 
decomposition products from neutron capture. It was not known what the energetic alpha 
and gamma particles emitted from this reaction would do to the localized polymer, there 
was concern that this would serve to weaken the polymer, as bonds were broken, but it 
appears that the decreased neutron fluence is more significant.
W eaving o f the final experimental samples was performed at NC State University. 
During the weaving process we were notified about a difficulty in achieving the agreed
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upon number o f fibers per length. This was due to the stiffness and thickness o f the 
experimental fibers.
Upon receipt o f the fabrics, visual analysis reveled that the fabrics did not have 
the surface coverage desired, i.e. the fabric had rather large opening in it where fibers did 
not cover the area. The fabric cover factor was calculated to be about 17 for the plain 
polymer cloth and 19 for the 20% filled boron carbide sample cloth, differing due to the 
linear density o f the fibers. Fabrics commonly have cover factors o f 24 with protective 
textiles having cover factors closer to 32.59 The fabric was rather stiff but still flexible.
3.5 N eutron A ttenuation Results
Because o f  the less than ideal surface coverage, neutron attenuation experiments 
were performed in which the fabric was wrapped around the indium foil so that there 
were two layers o f the cloth covering the indium. The fabric was secured in this 
arrangement with tape and then secured to the neutron source for the activation 
experiment.
The activity at saturation was calculated from the decay time and the number o f 
counts in a 2 minute period every 5 minutes. After adjusting for background counts, the 
natural log o f the counts was taken. The natural log o f background adjusted counts was 
plotted vs. decay time, yielding a straight line. Using the general equation for a straight 
line y = mx + b or in this case ln(A) = mt + ln(Ao). W here A is the activation at time t, Ao 
is the activation at saturation, and m is the slope. We can calculate the Ao by using this 
equation and forcing the slope o f the line to fit the known half life o f  In. The half life of 
In is 54.29 minutes w hich gives a slope o f 0.012764 (m= -0.693/ti/2). From this we can
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calculate the Ao at each decay time measured. The average o f  these values is taken as the 
activation at the saturation level.
The activity at saturation using two layers o f the pure polypropylene sample was 
determined to be 4896 counts/min whereas that for the sample containing 20% boron 
carbide was 2734 counts/min. This is an attenuation o f 44% for two layers (0.8mm) o f 
the PP fabric filled with 20%wt. 10B4 C. The activity at saturation for one layer o f woven 
pure PP fabric was determined to be 4997 counts/min and for 20% 10B filled PP fabric 
3516 counts/min. This is an attenuation o f  29% with one layer o f  fabric. The data are 
plotted in Figure 70 where it can be seen that the filled polym er has a lower In count than 
that o f the unfilled polymer.
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The In activation behind either one or two layers o f  the pure PP fabric was not 
significantly different, Figure 71. Thus the difference in attenuation o f the filled samples
can be attributed to both a greater coverage o f the In foil and greater amount o f neutron 
absorbing 10B atoms.
♦ PP01_2LAYER_1 
 ^ PP01_2LAYER_2
* PP01 1LAYER 16.5
0.00 20.00 40.00 60.00 80.00 100.00 120.00 140.00 160.00 180.00
Time (min)
Figure 71 Neutron activation of In behind pure polypropylene fabric.
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CHAPTER 4.
FUTURE W ORK
Surface treatm ent o f the boron carbide filler w ith an appropriate agent can 
increase both the dispersion and adhesion o f the filler with the polym er matrix, thereby 
improving the physical characteristics o f the filled system.
The use o f  other additives or other concentrations can be improved. This study 
looked at the presence or absence o f the antioxidant. It was demonstrated that the 
presence was beneficial to the physical properties o f the system. However the effect this 
single concentration has on the system leaves out much im portant information. A 
continuum o f  concentrations should be tested to determine both the optimal antioxidant 
and concentration. Additionally other classes o f antioxidants should be examined for use 
in this type o f  system, particularly looking to repair degradation induced by the radiation 
environment in w hich the polym er is to be used.
Other methods o f  incorporating filler such as boron carbide into a polymer 
substrate should be exam ined for potential efficacy for neutron shielding. Such systems 
could be polym er fibers coated with nano-size boron particles wet to the polymer surface, 
filling surface irregularities and sealed on the surface. Another possibility is mixing the 
boron particles w ith a UV curable monomer and coating a fabric or fiber with this 
mixture and then polym erizing under UV radiation.
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Further testing o f filled polymer in the neutron environm ent is needed as the 
degradation in this environm ent will assuredly limit the lifetime and usefulness o f the 
polymer. As seen in the rather short duration neutron exposure performed in this project 
the physical properties were noticeably decreased, which is concerning.
Finally additional testing o f increased filling levels should be performed. In this 
project the arbitrary limit o f 20% was set as the highest filling level. It was found that the 
physical properties at this filling level were not detrimentally decreased and thus the 
highest filling level was selected for further investigation. It would be beneficial to know 
the upper filling boundary for boron carbide in the polyolefin polymers in order to 
optimize the shielding ability and fiber properties.
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Chapter 5.
SUMMARY AND CONCLUSIONS
As advances in technology and transportation are made, individuals are often 
exposed to potentially dangerous environments. Airline passengers are unknowingly 
exposed to increased radiation as they travel at high altitudes. High energy research 
experiments aimed at discovering fundamental properties o f nature often generate a large 
amount o f  radiations. Astronauts and spacecraft are subjected to large doses o f numerous 
types o f radiation in the space environment. To protect from this dangerous radiation, 
shielding solutions m ust be developed.
Due to differing types and energies o f radiation, there is not a single material that 
can protect against all types o f  radiation. Composite materials and multifunctional 
materials are used to combine desired properties o f different materials into a single 
substance. To develop effective shielding materials an understanding o f the mechanism 
o f protection is needed. Due to the neutrons’ lack o f charge, a different shielding 
approach is needed, as one cannot rely on Coulombic interactions to aid in the attenuation 
o f this radiation. Low atomic mass elements, hydrogen in particular, are most effective at 
slowing the velocity o f neutrons. These moderating materials are similar in mass to the 
neutron and thus are the most efficient scattering materials. Polymers, especially those 
containing a large proportion o f hydrogen are valuable m oderating materials. There are
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certain nuclides that are able to ‘absorb’ neutrons. These nuclei undergo radiative capture 
when they encounter a neutron, forming a compound nucleus. The probability o f this 
occurring is called the cross section for the reaction. The isotope 10B has a large neutron 
absorption cross section and is commonly used in neutron shielding applications. By 
filling a polym er with boron one can combine the moderating function o f polymer with 
the neutron absorbing nature o f the boron, creating a material that is able to efficiently 
shield against neutron radiation. Blocks o f this material can be easily made, however the 
utility o f these m aterials is limited. The aim o f this project was to determine the 
feasibility and efficacy o f producing a woven fabric o f filled polym er fibers. Depending 
on the application a fabric material can be much more versatile than a film or solid block 
o f shielding material.
To create a fabric, it is first necessary to produce fibers o f filled polymer material. 
The first step is to determine what polymer and what filler will be used. A polymer with a 
high hydrogen com position is ideal and polyolefins have both the highest hydrogen 
composition o f  any polym er and have been successfully woven into fabrics for years. For 
the filler material, boron was chosen as it has a high neutron absorption cross section and 
is not as hazardous as other elements with high cross sections. Several boron containing 
compounds were considered and through preliminary testing, boron carbide was chosen 
as the filler for the final product.
The mixing o f the polyolefins, polyethylene and polypropylene, with the boron 
carbide was performed using an internal mixer. The dispersion o f filler in the polymer 
was analyzed to ensure adequate mixing was performed. Filled polym er was then
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extruded into fibers using a single screw extruder. To determine the extrusion parameters 
capillary rheology testing was performed for each mixture.
After fibers were extruded they were drawn through an oven in order to increase 
the strength through polym er chain alignment. Tensile testing performed on drawn and 
undrawn fibers for each mixture verified that the strength was indeed increased with 
drawing. The effect o f filler on the physical properties was also analyzed and it was 
determined that the physical properties o f the 20% wt. boron carbide filled fiber were not 
greatly com prom ised based on the filler concentration. The load at break, tenacity and 
percent elongation were slightly depressed, however it was not significantly lower than 
the 10%wt. filled sample. It was decided that the shielding advantage gained by the 
increased concentration o f the boron carbide would offset the marginal decrease in 
physical properties. The effect o f the antioxidant BHT was also analyzed and the 
presence o f this additive protected against degradation during processing o f  the polymer 
mixes, as seen in the tensile testing data.
Once filled fibers were extruded and drawn they were sent to the North Carolina 
State University D epartm ent o f Textiles for weaving into an experimental fabric. Despite 
some difficulties encountered due to the stiffness o f the fibers a fabric was successfully 
woven.
The efficacy o f the filled polym er fabric was tested by activation o f indium foil 
covered by the filled fabric or covered by a control fabric. The fabric sample and indium 
foil was placed next to a neutron source at the NASA Langley Research Center and the 
indium was allowed to reach saturation. The P decay from the indium foil was counted 
and the activation at saturation was calculated. The attenuation o f neutrons with the 20%
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wt. enriched 10B4 C polypropylene fabric was determined to be 44% with two layers o f 
fabric and 29% with a single layer when compared with the control fabric. This is quite 
high for a material that is 0.4 mm thick and which has a relatively open weave. The 
attenuation w ould be m uch greater if  we were able to obtain a closer weave in the fabric.
The degree o f shielding in this type o f system can be quite high especially when 
enriched filler materials are used. The stability o f these fibers and flexibility o f a fabric 
material allow for use in many situations where absorption o f neutrons is critical.
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APPENDIX 1.
Capillary Rheology Shear and Extensional Graphs
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APPENDIX 4.
SEM Images of  Fractured Samples and Fibers
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